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SUMMARY 

The paper indicates the scope for electric heating of domestic 
hot-water supplies, and reviews the trend in design of appara¬ 
tus, including best methods of obtaining quick heating and 
ample storage. Installation problems and water authorities' 
requirements are discussed in detail, as affected by practical 
conditions in houses, flats, and commercial premises. Various 
systems of charging for energy used for water heating are 
described, and the cost of supplying energy for different types 
of heater is analysed. 


INTRODUCTION 

The heating of water is one of the simplest applications 
of electricity, but in consequence of the limited amount 
of heat obtainable for, say, a pennyworth of electricity 
and the relatively large quantity of heat required for a 
hot bath, the practical use of electric water heating has 
been slower in development than other domestic 
applications. 

Early designs of electric water heaters, notably those 
of C. Orme Bastian and others, were produced before the 
cost of electrical energy was low enough to permit their 
economic use; subsequent developments have been the 
result of a number of solutions of the general problem of 
providing hot water economically as well as con¬ 
veniently. Apart from- the cost of electricity, largely 
counterbalanced by high efficiency of utilization, there 
are many factors in this problem. Among these factors 
may be mentioned the method of applying heating 
elements, losses from heaters and pipes, arrangement of 
existing pipework, composition of water, water authori¬ 
ties’ requirements, value of saving in labour, and so forth. 

It follows, therefore, that electric water-heating apparatus 
shows considerable variation in design and method of 
application, but sufficient experience has now been gained 
to give an indication of the whole field. 

* British Electrical Development Association. 
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TYPE OF WATER, AND USE OF HOT WATER 

The kind of water to be heated has an important effect 
on the design of apparatus. Broadly speaking, water is 
of two kinds, hard and soft, the former being distinguished 
by a small content of lime which is deposited in the form 
of “ scale " on heating. Soft water, on the other hand, 
frequently contains traces of CO a or carbonic acid derived 
from the decaying vegetation of the moorland catchments 
from which it is usually obtained, and, when heat is 
applied, it is liable to corrode base metals such as iron 
and lead. In the soft-water districts, which are mostly 
north of the Trent, copper has therefore to be used for 
hot-water storage vessels, these being made in the form 
of cylinders. Hard water, on the other hand, can be 
stored in iron tanks, which are more cheaply made in 
rectangular shape. 

Water hardness is measured according to Clark’s scale, 
in which 1 degree is equivalent to 1 grain of calcium 
carbonate per gallon. Of the total solids stated in this 
way, only a part is deposited on boiling, this being termed 
the temporary hardness. Analyses of scale deposits show 
a variety of salts, principally calcium carbonate, but also 
calcium sulphate, magnesium hydrate, etc., most of which 
are not precipitated until a temperature of 180° F. is 
reached. The composition of different waters varies 
widely, but ample practical experience has been obtained 
in all parts of the country so that electric heating appa¬ 
ratus can be designed, as described later, to .withstand the 
worst effects of scale, while soft water presents no 
difficulties. 

As regards the temperature of water from the public 
mains, there are considerable variations due to weather 
conditions. In London, for example, the highest and 
lowest temperatures recorded in recent years are 71° 
and 38°F. respectively; average seasonal values are: 
summer, 63° F.; winter, 47° F.; and, for the whole year, 
55° F. 

I 
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The use of hot water in private households is a factor 
which is important and yet difficult to deal with in 
individual cases. In comparison with the amount of hot 

Table 1 


Amount of Hot Water and Electricity required 
for various Purposes 


Purpose 

Water 

kWh 

Gallons 

Temperature 

required 

Wash hand basin 

1 3 

105° F. 

0-29 

Washing up and domes¬ 
tic use 

per gall. 

150° F. 

0-32 

Bath (average) 

25 

105° F. 

4-16 


water used, the quantity of heat required for cooking is 
a stable quantity. Strange as it may seem, two house¬ 
holds equipped with similar hot-water systems and 
inhabited by the same number of people with similar 
incomes may use quantities of hot water which vary in 
the ratio of 3 or 4 to 1; variations of 100 or 200 per cent 
are common. 

Hence average figures can only be applied with great 
discretion in estimating the amount of hot water likely 
to be used in any particular house. The usual allowance 
made in designing fuel-fired domestic hot-water systems 
is 40-50 gallons (at 150° F.) per day for the ordinary 
small house occupied by 4 or 5 persons, and up to 25-35 
gallons per head per day for a block of flats with constant 
hot water. Experience of electric hot-water systems 
(in which the energy consumed is almost in direct 
proportion to the use of hot water) shows that the average 
use will vary from as little as 5 gallons per day in a 
worldng-class dwelling to 150 gallons or more per day in 
a large house where one or two servants are employed. 

The quantity of hot water used for different purposes is 
given in Table 1 together with the corresponding amount 
of electrical energy required for heating, assuming an 
overall efficiency of 88 % and a cold feed temperature of 
55° F, (At 88 % efficiency 1 kWh provides 300 gallon- 
degrees.) 

Table 2 


Potential Use of Electricity for Water Heating 
for Domestic Premises in the United Kingdom 


Approximate 
number of 
families 

Annual income (£) 

Estimated 
gallons per day 
(at 150° F.) 

Equiv. annual 
consumption 
(millions of kWh) 

580 000 

500 and over 

60 

4 000 

2 900 000 

250-500 

24 

8 000 

8 520 000 

250 and less 

7 

6 500 

12 000 000 



18 500 


As a general rule, the use of hot water depends 
primarily upon personal habit and to a lesser extent 
upon the ease with which the hot water is obtained and 
the operating cost of the hot-water installation. Owing 
to the labour-saving characteristics of electricity, the use 


of hot water often increases when electric heating is first 
adopted. 

In order to show the possible scope for the use of 



electric heating in this country, Table 2 is given, based 
on conservatively estimated figures of daily consumption. 

The total possible consumption of electricity obtained 
in this way amounts to nearly 3 times the present con¬ 
sumption for all domestic purposes; such a figure may 



Fig. 2 .—Water-heater statistics for the United Kingdom. 


never be realized in practice, but a considerable propor¬ 
tion of it may be regarded as within economic reach, and 
it therefore affords an indication of the very large scope 
for electric water heating which exists at present. Fig. 1 
shows the estimated number of electric water heaters in 
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various countries and illustrates the progress already- 
made. 

There are several towns in the South of England where 
at least 1 consumer in 4 is now using electricity for water 
heating, but the proportion for the whole country is much 
less, being only I water heater per 20 consumers, which 
corresponds to a saturation of 5 %. Compared with this, 
the percentage saturation in other countries is as follows: 
Switzerland 17-5%, Holland 4-5%, Canada 12-2%, 
U.S.A. 4 %. 

TYPES OF ELECTRIC WATER HEATERS 

Electric water-heating apparatus has been continuously 
developed along two parallel lines, namely (i) the self- 
contained type of water heater and (ii) the separate im¬ 
mersion heater for fitting in an existing hot-water storage 
tank or cylinder. These two main types should be re¬ 
garded as complementary rather than as competing with 
one another, because, although there may be many cases 
in which either can be used with equal satisfaction, there 
is a large number of cases in which either one type or 
the other is preferable. As the complete water heater 
embodies many of the features found in the simpler 
immersion-heater installation, the former will be de¬ 
scribed first; it may be noted, too, that the total number 
of self-contained heaters in use is somewhat greater than 
the total number of immersion heaters (see Fig. 2). 

Both types operate on the storage principle as used in 
hot-water systems heated by solid fuel, the limited 
amount of heat obtainable from the amount of electrical 
power furnished by the size of cable and wiring in the 
ordinary house, precluding instantaneous heating at a 
useful rate. For example, a 4-lcW geyser cannot raise 
more than 0-45 gallon of water per minute from 55° to 
105° F., and will thus require at least 1 hour to give a 
hot bath. 

SELF-CONTAINED WATER HEATERS 

Early electric water heaters owed a good deal to 
Continental design, but during the last 15 years British- 
made heaters have been developed to suit the require¬ 
ments of the public and the conditions of use, par¬ 
ticularly hard water, found in this country. Designs 
have in fact become so stabilized that a British Standard 
Specification has been drafted and will soon be issued. 

General Construction 

Electric water heaters consist of a water container 
surrounded by heat insulating material contained in an 
outer metal case and fitted with a heating element, 
thermostat, and pipe connections. The shape is usually 
that of a vertical cylinder, as this (excluding a sphere, 
which is hardly practicable) gives the least surface and 
therefore the minimum radiation loss for a given capacity; 
in addition,, a cylindrical shape is economical to manu¬ 
facture. The heating element and thermostat are 
mounted on an “ apparatus plate ” in the bottom of the 
water container in the smaller sizes which are made for 
wall fixing, or horizontally in the side of large heaters 
which, on account of their weight, have to stand on 
the floor. 

Water Container 

This is usually made of sheet copper, jointed by lapping 
or welding. A sufficiently strong construction can be 


assured by the container withstanding a pressure test 
of 50 lb. per sq. in. without permanent deformation. 
This pressure corresponds to a head of water of 115 ft., 
which is much greater than the majority of water heaters 
have to withstand in practice, the working head being 
at the most no more than the height of the ball-valve tank 
in the roof of the house. The majority of containers are 
tinned internally and externally by a hot dipping process, 
but the necessity for tinning is a debatable point. It 
was originally adopted to rule out the possibility of 
contamination—an important matter for small heaters, 
the water from which is often used for culinary purposes— 
but recent research seems to show that even when hot 
water is standing for many hours in an untinned con¬ 
tainer such as the ordinary domestic hot-water storage 
cylinder, the amount of copper absorbed is extremely 
minute, far less than the amount which might be harmful 
to the human body. It appears, therefore, that tinning 
is unnecessary, at any rate for heaters larger than 
5 gallons, such sizes always being fed from a ball-valve 
tank, the water from which is not considered by most 
people to be fresh enough for culinary purposes. 

Inlet and Outlet Connections 

Water is admitted through a vertical inlet pipe at the 
bottom of the container, the open end of the pipe having 
a baffle (generally of mushroom shape) fitted over it to 
prevent the incoming cold water mixing with the hot 
contents. With an effective baffle the stratification is 
so good that 75 % to 85 % of the capacity of the con¬ 
tainer can be drawn off without the outlet temperature 
falling more than a few degrees. 

The outlet connection is led by means of an internal 
stand-pipe through the bottom of the container, and in 
pressure-type heaters (described below) a second outlet 
pipe is provided at the top of the container for connection 
to the expansion pipe. 

Heating Element 

Various methods are used for mounting the resistance 
wire inside a tinned copper tube suitable for immersion 
in the water to be heated. There are two main types, the 
first in which the resistance-wire spirals are mounted in 
porcelain or steatite insulating formers (in the removable- 
core pattern these may be withdrawn without disturbing 
the water joint), and the second in which the resistance 
wire is solidly enclosed in mica or cement insulation 
within a flat blade or tubular sheath. Since the tem¬ 
perature of the external surface of the heating element, 
so long as it is free from scale, is little higher than that 
of the water, there is no difficulty in designing a complete 
element so that the operating temperature of the 
resistance wire is sufficiently low to avoid deterioration 
and so ensure very long life. 

When the water is hard, however, and scale may be 
deposited on the heating element, some means of pre¬ 
venting the temperature-difference between wire and 
water rising to an excessive value must be adopted. The 
deposition of scale depends upon the temperature of the 
water at the surface of the -heating element. This is 
higher than the maximum temperature of the bulk of 
the water because circulation is not sufficiently rapid to 
remove the film of water in contact with the element 
surface, and local boiling may take place. The amount 
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of scale deposited therefore depends upon the density of 
heat transmission through the surface of the heating 
element, and it is found that if this can be reduced to 
10 watts per sq. in. of surface, scaling is slight. Another 
method of preventing deleterious scaling, which is 
probably preferable, is to make the heating element so 
long and so thin and of such a shape that its expansion 
and contraction during heating and cooling is sufficient 
to fracture and throw off the deposit of scale, and thus 
prevent it from adhering in any dangerous thickness. 
The design of such “ self-descaling ” elements is largely 
empirical, but none the less successful. Ample space 
must, of course, be allowed around and below the heating 
elements for the accumulation of scale, which may with 
certain kinds of water fall off in large flakes. 

Chlorination, which is adopted to purify some water 
supplies, generally tends to reduce the amount of scale 
formed. 

It may be noted in passing that electric water heaters 
are unique among all the various alternative methods in 


Table 3 

Standard Sizes and Loadings 


Capacity 

Loading 

gall. 


kW 

4 


0*75 

3 


1-0 

5 


1-0 

12 


1-5 

15 


1-5 

20 


2-0 

30 


3-0 

40 


3-0 

60 

1 

1 3 • 0 or more 

80 

100 


as required 


- 



that the action of hard water does not impair their 
efficiency. With all fuel-fired appliances the deposition 
of scale, which has poor thermal conductivity, increases 
the temperature gradient between water and combustion 
chamber, thereby reducing, the heat usefully employed. 

Loading 

The heating elements are wound so as to give a loading 
in kilowatts which will suit the general design of the 
water heater, i.e. the space available and quantity of 
water, without unduly increasing the heat density of the 
element, the thermostat cycle, and other factors. Normal 
loadings for various sizes of heater are shown in Table 3. 
These have been adopted as the result of considerable 
experience gained both by the manufacturer and by the 
supply engineer. (As most water heaters are loaned on 
hire the supply engineer is naturally anxious to ensure 
that the great potentialities of the domestic water¬ 
heating load in respect of improvement of load factor 
are realized to the fullest possible extent.) Originally 
the loadings of self-contained water heaters were based, 
except in the smallest sizes, on a recuperation period of 
8 hburs to suit the Continental method of supplying 
energy for water heating at a specially low rate during 


the night. With this method it is an advantage to the 
supply authority, and no disadvantage to the user, for 
the recuperation period to be as long as the charging 
period desired, e.g. 10 p.m. to 6 a.m. 

Early experience in this country indicated, however, 
that a water heater which gave only a limited amount of 
hot water per day was not popular, and so the higher 
loadings shown in Table 3, which correspond to a recupera¬ 
tion period of 4 hours or less, were adopted for use on 
ordinary 24-hour tariffs, and many years’ experience has 
proved that such loadings are satisfactory in the large 
majority of cases. 

It should be pointed out, however, that the standard 
loadings shown in Table 3 may be increased if required to 
meet exceptional conditions. As a general rule it is best 
to choose a larger heater rather than a higher loading in 
order to give a greater output of hot water; but, for 
instance, in a case where a 20-gallon heater would just 
fit the space available and the normal loading would be 
insufficient, a 3-kW element might be fitted. Apart 
from such special cases, standard loadings should not be 
exceeded. It is, in fact, axiomatic to choose electric 
water heaters on the basis of their capacity rather than 
their loading; they are essentially thermal-storage appli¬ 
ances, and no practicable increase in loading can entirely 
counterbalance shortage of hot water stored. 

Thermostat 

The design of a suitable thermostat is straightforward; 
a tube and rod, or alternatively two flat strips of metal, 
having different thermal coefficients of expansion—for 
example, brass and invar—are used, the relative move¬ 
ment being made to operate the switch portion, which 
may be of the familiar mercury-and-glass type or of 
the short-break magnetic blow-out type* for alternating 
current. The thermostat differential, i.e. the difference 
between cutting-in and cutting-out temperatures, is a 
matter of some importance in the design of a satisfactory 
water heater. If the differential is too large the mini¬ 
mum output of hot water, when drawn off just before 
the thermostat is due to close, may be appreciably less 
than the rated capacity, thus reducing the usefulness of 
the appliance in service. On the other hand, if the 
differential is too small, so that the thermostat frequently 
switches on the current without water being drawn off, 
the temperature at the top of the heater may build up 
to an objectionable extent, possibly leading to boiling 
of the water. The differential depends, other things 
being equal, upon the length of the thermostat stem; 
common values are 10 to 15 deg. F. for lengths up to 
12 in., and 5 to 10 deg. F. for longer stems. 

A further point which affects the design of a complete 
water heater is the relation of the calibration of the 
thermostat to the temperature of the water. A thermo¬ 
stat by itself is calibrated by immersing the whole of the 
stem in a bath of water at a uniform temperature, but the 
temperature of the water in the heater can differ slightly 
from the thermostat calibration according to the dis¬ 
position of the thermostat in the heater, the temperature 
gradient from top to bottom of the water heater, and 
other details. So that if the temperature of the water in 
the top of the container is to be the criterion, the manu- 

* W. M. Thornton: “The Micro-Gap Switch,'’ Journal I.E.E., 1937, vol. 80, 
p. 457. 
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facturer may have to supply a calibration chart relating 
thermostat settings to draw-off temperatures. 

In soft-water districts, where no scale is formed, 
thermostats may be safely set to give a draw-off tem¬ 
perature of 190° F. in order that the maximum amount 
of heat may be stored. In hard-water districts it is 
advisable to limit the temperature to 180° F., the point 
at which the most scale begins to form; and where the 
water is very hard, lower temperatures of 150° to 160° F. 
are advisable, depending to some extent upon the scale¬ 
forming propensities of the particular heater concerned. 

Lagging 

The heat insulation used for lagging the outside of 
the water container is particularly important for self- 
contained heaters which are permanently connected 
under the control of the thermostat to the electricity 
supply. Various lagging materials are available, but 
granulated cork, thoroughly dried, is used almost 
exclusively on account of its relatively high insulating 



Thickness of lagging, in. 


Fig. 3. —Variation of heat loss with thickness of lagging 
(burnt granulated cork) of 1 ^-gallon water heater. 
Temperature 170° F. 


water is drawn off the apparatus plate is covered with 
cold water and, as a large proportion of the heat losses 
from a well-designed heater are from the apparatus plate, 
the average losses are considerably reduced, and may be 
only 50 % of the maximum. 

Fig. 4 illustrates this argument graphically by showing 
the relation between the consumption of electricity and 
the output of hot water per week, as measured by a 
water meter. The relation varies somewhat, owing to 
fluctuations in cold-water temperature throughout the 
year, but if a straight line is drawn through all the 
readings obtained it is found to cut the zero-output line 
at 14 kWh, which is much less than the standing loss 
for a 60-gallon heater with no water drawn off. From 
this straight line, a working-efficiency curve has been 
calculated for the relatively light load under which this 
particular heater was working. The working efficiency 
of an electric water heater, even with lengths of piping 
connected to it, is frequently in excess of 85 % with little 
use and may be 95 % for heavy duty. For example, in 
one series of practical tests on 60 heaters, mostly of 
30-gallon capacity, the following average results were 
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Fig. 4.—Weekly hot-water output and energy consumed by 
60-gallon heater working at 150° F. 

Points represent readings throughout 1 year. Through these points a straight 
line has been drawn, and the efficiency curve calculated from this. 



value, cheapness, adaptability, and permanence. The 
thickness of granulated cork lagging commonly used 
varies from l\ i n . to 2 in. in the smallest sizes to 2 in. to 
3 in. in the larger sizes. Fig. 3 shows the variation in 
heat loss with thickness of lagging for a small heater. 

Heat Losses 

The total heat loss from a self-contained water heater 
includes, in addition to that of the lagging, the losses 
due to pipes and other metal connections between the 
water container and the external case. These additional 
losses can be reduced considerably by careful design, 
so that the total heat loss is made very small. The usual 
method of ascertaining the magnitude of the loss is to 
measure the energy consumed over a period during 
which no water is drawn off. Easily-obtained figures 
per 24 hours are 0-75 kWh for the smallest size and 
2 kWh for a 12- or 15-gallon heater. It should be noted, 
however, that such figures for loss when no water is 
drawn off do not apply to ordinary working conditions. 
In use, not only is the average temperature of the 
contents of the heater below the maximum, but when 


obtained: 44-1 gallons of water per day raised from 62° 
to 150° F. required 12*15 kWh, i.e. 3-63 gallons per 
kWh, giving an overall working efficiency of 93- 5 %. 

Pipe Sizes and Fixing Centres 

In consequence of the foresight of the Electric Water 
Heating Committee of the British Electrical Develop¬ 
ment Association, standard sizes of inlet and outlet pipes 
and of fixing centres for wall-mounted heaters were agreed 
some time ago, and all the leading manufacturers have 
adopted them. This has resulted in much simplification 
of installation and service work. 

Definition of Types 

Self-contained water heaters are made in various types, 
depending upon the way in which water is delivered to 
and withdrawn from the container. 

Non-pressure type. 

The supply of water is controlled by a tap in the inlet 
pipe, the hot water being displaced by an overflow leading 
to an open outlet spout. 
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The water is supplied from the usual ball-valve gravity 
feed tank in the roof, and the outlet can be connected to 
a number of hot taps; with this type of heater it is 
essential that an expansion pipe should.be provided 
terminating at a point above the ball-valve tank and 
thus forming a hydrostatically balanced system free from 
the danger of bursting. A safety valve which is some¬ 
times used abroad as an alternative to an open expansion 
pipe is not approved in this country, owing to the 
possibility of it becoming stuck and failing to act. 

Cistern type. 

This has a self-contained ball-valve tank m the upper 
part of the casing. As it forms a complete hot-water 
system it may be connected direct to the cold-water 
main and piped to supply a number, of hot taps. Ihe 
pressure in a cistern-type heater being limited to the 
small head of water between the bottom of. the con¬ 
tainer and the top of the ball-valve tank, this type o 
heater is frequently made in rectangular form to save 
space. The heater must be fixed above the. taps to be 
supplied, and an overflow pipe fitted to the cistern. 

Small Heaters 

Small water heaters (up to 5 gallons) are so extensively 
used, particularly the l \-gallon size, that they merit 
special attention. Their popularity is due to the fact 
that they provide a “ constant hot water . service 
greatly superior to existing facilities at a cost within the 
means of a large majority of users. Small quantities of 
really hot water are most frequently required at the 
kitchen sink, and a small non-pressure type heater can 
be readily installed in this position, the inlet valve being 
connected by a short length of pipe to a T-piece inserted 
behind the cold-water tap. As the latter invariably 
provides fresh water direct from the main for drinking 
purposes, the hot water from the heater can also be used 
for culinary purposes and thus save time in cooking. 

The electric water heater is, • in fact, the modern 
counterpart of the large kettle which, in the days of coal 
ranges, was usually kept on the hob. Its utility is 
illustrated by Table 4, which gives a typical list oi 
draw-offs during a normal day. 

Table 4 


are determined by peak loads for hot baths rather than 
by steady use. 

This relatively high duty of the l-|-gallon heater makes 
the scaling problem more acute with hard water, and the 
large field available to such a popular appliance has 
resulted in greater attention being paid.to its design and 
construction, particularly in the following respects. 

Anti-drip Device 

As water expands approximately 4 % in volume when 
heated through a temperature-rise, of 150 deg. F., 
dripping will take place from the open outlet of a non " 
pressure type heater unless some means are employed 
to prevent it. Such waste of water is not approved by 
water authorities, and is apt to be a source of annoyance 
to the user, Various forms of anti-drip device are in use, 
the most common being a siphonic trap formed at the 
top end of the outlet pipe so that when the flow of water 

(«) (*> 




Pints 

Purpose 

3 

Breakfast 

4 

Washing up, with 4 pints of cold water 

16 

Housework, with 24 pints of cold water 

5 

Cooking 

8 

Washing up, with 8 pints of cold water 

3 

Tea 

4 

Washing up, with'4 pints of cold water 

5 

Sundry requirements 


48 or 6 gallons (at 180° F.) , i.e. 2-5 kWh per day 


The daily output of 6 gallons, or 4 times the capacity, of 
the heater, is considerably greater than the service 
usually required from larger heaters, the sizes of which 


Fig. 5a. — Special anti-scaling designs of 3. | -gallon heaters. 


lXectlv-&°d V t?S (heating element in automatically-filled large tube 
{ ) to give y imv rate o?heat transmission to water passing through heater). 

through the heater ceases as the tap is turned off, the 
level of water in the container drops slightly to allow 
for subsequent expansion without dripping from the 
outlet. This means that when the tap is turned on again, 
water does not flow from the heater until a few seconds 
have elapsed, but this slight delay is not a serious draw¬ 
back. The design of a siphonic anti-drip device which 
will work satisfactorily under all conditions involves a 
careful proportioning of the various parts, and even then 
the action may be impaired by variations in water 
pressure. For this reason,.and also to prevent water 
being discharged by excessive pressure from the vent at 
the top of the heater, a restricting washer is often fitted 
to the inlet tap. In order to avoid having to fit different- 
size restrictors on site, and also to cater for cases in which 
the water pressure varies at different times of the day, 
one make of heater is now fitted with an automatic 

pressure-reducing valve. . 

Other forms of anti-drip device are in use, one of the 
latest examples being a design in which the top end of 
the outlet pipe is fitted with a sliding extension operated 
by the water tap, so that ample allowance for expansion 
is made and yet the water can flow out freely immediately 
the tap is turned (see Fig. 5b). 
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Designs suitable for Hard Water 
As already stated, the problem of scaling is more 
serious in a l-|-gallon heater than in heaters of larger 
capacity. Figs. 5a and 5b show three patented designs for 
reducing scaling troubles and maintenance costs. Apart 
from the deposit of scale on the heating elements, furring- 
up is particularly liable to take place at the top end 
of the outlet pipe, and these designs have been produced 
with a view to preventing this or in order to simplify 
removal of scale at this point. In general it may be said 




Fig. 5b. —1^-gallon heater, indirectly-heated type. 

.The element is enclosed in a jacket filled with heat-conducting material to 
reduce rate of heat transmission. Detail drawings show movable flow tube 
actuated by handle. 

that, if these and other special designs are employed, 
the smallest water heaters will operate for at least a 
year on very hard water before they need to be descaled. 

Larger Heaters 

The design of larger heaters (12 gallons or more) 
^ suitable for supplying all the taps in the house, including 
the bath, has been developed on similar lines to those 
adopted in the design of smaller sizes. The principal 
difficulty is not the interior arrangements, but the 
problem of adapting such relatively bulky appliances to 
the exigencies of space in the modern bathroom or 
kitchen. 

The choice of size of heater to be installed in any 
particular case is governed by the number of hot baths 
required in succession. As each hot bath requires a 


minimum of 10 gallons of water at heater temperature, 
the 20-gallon size is the smallest that can be used in 
houses requiring two hot baths in quick succession. 
The capital cost and space required for this and larger 
sizes of water heater are fairly considerable, with the 
result that the smaller sizes of 12 and 15 gallons are more 
commonly used in small houses, the members of the 
household making themselves accustomed to the type 
of hot-water service provided by this kind of water heater, 
a service which will give three or four good hot baths 
during the day provided there is a minimum interval 
between them of 2 or 3 hours depending upon the exact 
sizes of heater and bath, and upon the operating tem¬ 
perature. This interval is not much greater than that 
required with the conventional fuel-fired hot-water 
system installed in small houses, and experience shows 
that many users will readily make any necessary alteration 
to their habits for the sake of the convenience and con¬ 
sistent performance of this type of electric water heater. 

Apart from the normal cylindrical shape, there is a 
tendency for the larger water heaters to be manufac¬ 
tured in special shapes so that they can be fixed in 
spaces which are otherwise of little value. 

It is, in fact, one of the most important practical 
advantages of the use of electricity for water heating that 
tanks can be made to fit in any space available, and it is 
quite common for hot water supplied in offices and other 
buildings to be fed from a “ made to measure ” heater 
fitted in an odd corner otherwise unused. In domestic 
premises, special forms of water heater of this kind are 
most frequently made to fit under a draining board at one 
side of the kitchen sink, or sometimes in rectangular form 
to fit in the linen cupboard. Such heaters are generally 
made in the form of galvanized-iron tanks, surrounded 
by granulated-cork insulation and enclosed in a sheet- 
steel case of the requisite dimensions, a standard im¬ 
mersion heater and thermostat and the necessary pipe 
connections being fitted in the most convenient positions. 
The adaptability of electric heating applied in this way 
is becoming known in the building industry, but the 
efficiency of most water heaters of this kind made up by 
builders does not compare favourably with that of the 
factory-made article. 

IMMERSION HEATERS AND CIRCULATORS 

Immersion heaters, i.e. heating elements designed for 
fitting in the side of existing hot-water storage tanks, 
have been used for a great many years on account of the 
low capital cost of this type of electric water-heating 
installation, and also because little or no pipework 
alteration is required. The installation problems are 
discussed later, as it is thought appropriate to deal first 
with the design of apparatus. 

As in the case of self-contained water heaters, the 
heating elements are made in various ways, but for 
immersion heaters the cement-filled element has been 
extensively used; a high wattage being possible in a 
relatively small space and the element being self¬ 
descaling; one pattern of 2-kW element, for example, 
consists of two hairpin-shaped loops 9 in. long and 
-fig in. diameter, the whole mounted on a boss no larger 
than I| in. In other types of element, the resistance 
wire is wound on insulating formers shaped so as to 
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avoid sagging of the wire and fitted inside a tinned brass 
or copper tube. 

Standard types of thermostats are used in connection 
with immersion heaters; they are often mounted on the 
same fixing flange, but more certain action is usually 



Fig. 6a. —Key showing alternative arrangements of heating 
elements in thermostatically controlled circulator in 
18-gallon cylinder. 

Full-length (30 in.) element, loading 2 • 5 kW, shown thus - 

Lower-third (12 in.) element, loading 2*5 kW, shown thus — — — 
Thermostat 18 in. long set at 150° in both cases. 


Immersion heaters were originally fitted horizontally 
at the side of a storage tank, and when they are used in 
this way the whole of the water above the level of the 
element has to be heated before hot water is available. 
This is not a serious disadvantage when a thermostat 
is fitted to control the immersion heater so that the 
water is always kept hot, but as many users were 
unwilling to incur the extra expense of a thermostat 
and the lagging of the tank which is required to give 
a reasonable operating cost, it became evident that 
there was a field for another type of heater which would 
give quicker results when starting from cold. The 
alternative arrangement, which was soon evolved and 
has since been used in large numbers, is the circu¬ 
lator.” This consists of an immersion heater fitted 
vertically downwards from the top of the storage tank or 
cylinder, the heating element being surrounded by an 
outer sheath or draught tube, and the water in contact 
with the element circulating upwards and emerging 
through a hole at the top of the tube. The size of the 
hole is restricted so that the water flowing out of it is 
raised to a usable temperature. By careful proportion¬ 
ing of the length and diameter of the draught tube to suit 
the size and loading (usually 3 lcW) of the element, a 
small quantity of hot water can be furnished within a 
few minutes of switching on the current. Circulators 



Fig. 6b. —Heating curves for various circulators (for key to T x , T 2 , etc., see Fig. 6a). 


obtained if the thermostat is fitted some distance— 
6 in. or more—away from the heater, preferably higher, 
and offset so that the thermostat is out of the way of the 
hot water flowing upwards from the heater. 


of this type have attained great popularity, particularly 
in soft-water districts where copper cylinders are used. 
A circulator can be fitted to such a cylinder very easily 
by means of special flanges designed to make a water- 
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tight joint in the top of the cylinder by the mere process 
of cutting a circular hole. Standard shapes of copper 
cylinder have a height much greater than their diameter, 
so that hot water is readily accumulated at the top of the 
cylinder by the circulating action. The circulation is 
improved if the flange is designed so that the circulator 
is in a truly vertical position rather than the slightly 
diagonal position which results from it being fitted at 
right angles to the curve of a domed top. 

As, however, the copper cylinders fitted in some 
houses are so small that the whole of the contents must 
be heated in order to obtain a hot bath, the recent trend 
in circulator design has been towards ensuring both 
quick and complete heating. With a simple type of cir¬ 
culator these two objectives are to a certain extent 
incompatible. Figs. 6a and 6b show, for example, the 
results of tests on two similar circulators—one with an 
element in which the heating effect is uniform throughout 
its length in order to give quick heating-up, and the other 
with the heating effect confined to the bottom third of 
the length, in order to heat the water in the lower part of 



7.—Special designs of circulator giving maximum storage 
plus quick heating. 

the cylinder to a higher temperature. Improved designs 
such as those shown in Fig. 7 are now available by which 
quick heating and maximum output are obtained. 

A further development in design is the two-way circu¬ 
lator in which there are two elements, one wound in the 
upper third of the length of the circulator and connected 
to the supply under thermostatic control so as to keep the 
water in the top of the tank constantly hot for domestic 
purposes, the other element being wound over the lower 
part of the circulator and switched on by hand whenever 
the full contents of the tank are required for hot baths. 

In hard-water districts, circulators are seldom used 
because of the liability of scale blocking up the draught 
^ ^ u t>e. A vertical arrangement of the heating element 
' will, however, give a quick heating effect similar to that 
in a circulator because the film of water in contact with 
the heating-element surface rises by convection much 
more rapidly than heat is transferred radially by con¬ 
duction. Fig. 8 shows this action cliagrammatically, and 
the effect is confirmed by tests which indicate that 
removing the draught tube of a circulator only increases 
the heating time by 10 % to 15 %, depending on the 
heat density of the element. Vertical elements must. 


however, be carefully designed for use in hard-water 
districts, because, even though the heating effect is 
tapered from bottom to top of the element, there is a 
tendency towards overheating at the top of the element, 
owing to the rise in temperature of the film of water 
as it flows up the heater. Unless the tank is so large 
that a low operating temperature (130°-140° F.) can be 
used and an element of low heat density (10 watts per 
sq. in. or less) employed, it may be better for very hard 
water to fit two horizontal immersion heaters, one near 
the top for quick heating and the other at the bottom to 
heat the full contents of the tank. 

Lagging for Existing Tanks and Cylinders 

Specially manufactured insulating jackets are avail¬ 
able for lagging existing tanks and cylinders. These 
are usually made up with asbestos or cork insulation 
arranged in strips or in some other form so that they 
can be applied to various sizes and shapes of cylinder. 
In this way the loss from a 36 in. x .14 in. diameter 



Fig. 8—Film of hot water flowing up vertical element. 

cylinder may be reduced from over 10 kWh to less than 
3 kWh per 24 hours. The highest efficiency is obtained 
when the number of joints is reduced to a minimum, 
since it is often difficult to fit these on site so that no gaps 
are left in which air convection can increase the heat loss. 
On account of this difficulty and to save expense, other 
forms of lagging made up on site are commonly used, 
especially for rectangular tanks. The latter are usually 
situated in the bottom of a linen cupboard, in which case 
the simplest plan is to fix match boarding across the 
front of the cupboard and then to fill the space around 
and over the top of the tank with loose granulated cork. 
If in this way a minimum thickness of 3 in. of cork can 
be provided, the loss is reduced to a low figure, say 
2 kWh per 24 hours. For cylinders it is not quite so 
easy to improvise cork lagging in this way; an alternative 
that is sometimes adopted is to wind a sheet of asbestos 
and several thicknesses of corrugated paper round the 
cylinder and, if possible, to enclose the whole in a stout 
canvas jacket. The above figures for heat loss from 
lagged tanks represent reasonably good practice, all 
incidental losses due to radiation from and conduction 
to connecting pipes, etc., being included. 
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The heat loss from the tank surface alone and without 
lagging is generally taken as 0 • 6 watt per sq. ft. per deg. F. 
difference in temperature, i.e. 72 watts per sq. ft. for air 
and water temperatures of 60° and 180° F. respectively. 
When the tank is well lagged with 3 in. of good-quality 
granulated cork, the surface loss may be as low as 4 watts 
per sq. ft. Taking this figure, for a 20-gallon tank con¬ 
sisting of an 18-in. cube (surface 13*5 sq. ft.) the loss will 
be 54 watts. The difference between this surface loss and 
the total of 83 watts which corresponds to a consumption 
of 2 kWh per day is attributable to incidental losses due 
to such factors as radiation from, and conduction to, 
connecting pipes. 

Sometimes the efficiency of a tank lagging is expressed 
in terms of the rate of cooling which is observed when no 
water is drawn off and no energy applied. Provided that 



pi a. 9 .—Relation between radiation loss and cooling of tanks 

(P = 2 • 93C?0). 


the cooling rate is measured for temperatures very close 
to the maximum, the relation between this rate and the 
loss in watts, as measured by the energy consumed in 
keeping the tank hot, depends upon the capacity of the 
tank. Thus if a tank of G gallons has a loss of P watts 
and a fall in temperature from the maximum of 0 degrees 
in 1 hour, then we have 

P = 1O(?0/3*41 = 2*93C?0 
and 0 = 0*341 PJG 

This relation is shown in Fig. 9. 

The advisability of lagging tanks and cylinders when 
fitted with immersion heaters or circulators, is a question 
on which opinion is inclined to be sharply divided. There 
is no doubt that if efficient insulation is applied, as it can 
be in the majority of cases, and the electric heating in¬ 
stallation is operated so as to give constant hot water 
under thermostatic control, its general utility and con¬ 
venience are greatly enhanced. On the other hand, 
those who do not believe in lagging take the view that the 
radiation-losses, together with the increased consumption 
of hot water which naturally follows from greater avail¬ 
ability, can result in unduly high operating cost. 


The author maintains that there is a field for both 
lagged and unlagged types of installation, depending 
upon the amount of hot water required and what the 
user can afford to pay for it. In other words, the un¬ 
lagged installation operating under hand control is suit¬ 
able for working-class consumers, but more well-to-do 
consumers should be provided with lagged automatic 
systems which enable them to obtain the full advantages 
of electric water heating. 

Borderline Cases 

In cases where there may be some doubt as to the 
user wishing to afford constant hot water, a switch can 
be fitted in circuit with a thermostatically controlled 
circulator so that users can at first control the heating 
by hand, and later, when they find that the cost of 
keeping the water hot continuously is not excessive, they 
will not bother to switch off. In such installations it is 
an excellent plan to have a small notice fixed to the 
heater stating that the thermostat will turn the current 
off automatically, and that very little electricity, for 
example a pennyworth per day, is required to keep the 

tank hot if no water is used. 

Where there is less likelihood of constant hot water 
being afforded at all taps, a good compromise is the 
provision of a lf-gallon automatic heater for ldtchen 
use, and a hand-controlled immersion heater or circu¬ 
lator to be used for baths as required. 

Linen Cupboards 

A further objection which is sometimes made to 
lagging, in cases where the tank or cylinder is situated 
in a linen cupboard, is that there will be insufficient heat 
for airing purposes. In regard to this it may be pointed 
out that no matter how well lagging is applied some loss 
of heat is inevitable, also that this heat loss, although 
small, is steadily maintained throughout the 24 hours 
of the day and may therefore be more valuable for airing 
purposes than the intermittent radiation from a bare 
cylinder heated by a fire-back boiler. For example, if 
10 lb. of linen or clothes are put in the cupboard to air 
they may contain J lb. of moisture, depending upon the 
prevailing humidity in the atmosphere. Removal of 
this amount of moisture, requiring 512 B.Th.U. or 
0 • 15 kWh, can be readily effected by a lagged tank having 
a loss of, say, 2 kWh per day. These considerations are 
perfectly correct as regards the airing of clothes, but they 
do not of course apply to clothes-drying, which requires 
a much greater amount of heat, and for which a closed 
cupboard is in any case unsuitable. Washed clothes 
should be dried in a drying cabinet or other type of drying 
arrangement heated electrically as required. 

If, on the other hand, some means of drying wet towels 
after use is required, it is better to install an electrically 
heated towel-rail in a convenient position in the bath¬ 
room. Electric towel rails have approximately the same 
heat input as those heated by hot water, i..e. 100 to 200 
watts, and, since the ordinary bath towel when damp 
may not require more than 0 • 1 kWh to dry it, an electric 
towel-rail need only be used for a very short time, this 
method of drying wet towels is much more economical 
than omitting some of the insulation from an electrically 
heated tank. 
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INSTALLATION PRACTICE 
General 

There is no doubt that the installing of a self-contained 
electric water heater, an immersion heater, or a circulator, 
involves almost as many if not more problems than the 
manufacture of the apparatus. 

Water heating is unique among the various applica¬ 
tions of electricity in that it calls for expert technique 
including as much hot-water engineering knowledge as 
electrical knowledge. In most small houses, which, of 
course, include the majority of potential users, there is 
seldom any serious difficulty, but in large houses the hot- 
water pipework is frequently complicated either because 
it was installed many years ago or because there is a 
central • heating system operating in conjunction with 



Fig. 10.—Typical system in a small house, converted to 
electric heating by a circulator in the cylinder. 

A. Horizontal length (at least 12 in.) of pipe forming “ heat trap.” 

B. If cold feed does not enter horizontally but from underneath, a T-piece 

should be fitted inside the cylinder to prevent undue mixing. 

C. This alternative connection must be altered for electric heating. 

it, and in such cases electric heating to be successful 
can only be installed with due attention to the existing 
installation and the best method of applying electric 
heating to it. 

The chief objects to be secured are:— 

(i) Safety from danger of bursting. This is ensured 
either by an open outlet or by an expansion pipe. 

(ii) Minimum practicable heat losses. These include 
not only the loss from the water heater itself, but also 
heat losses from pipes, which may be more important if 
steps are not taken to reduce them to a minimum. 

(iii) Correct piping connections, which will ensure a 
good flow of water and will prevent the electric water 
heater from being accidentally drained. 

These and other points which arise from a water¬ 
engineering point of view are best illustrated diagram¬ 


matically. Fig. 10 shows an existing hot-water installa¬ 
tion using a cylinder in an ordinary small house, the 
water being heated by a Are-back or independent boiler. 
On account of the simplicity of such an installation, and 
also because it enables electric heating to be used in the 
summer time, the solid-fuel heating being relied upon in 
the coldest months, an immersion heater or circulator is 
very commonly employed as illustrated in Fig. 10. This 
Figure also shows some of the unsatisfactory features of 
the installation which should be altered in order to obtain 
the best results with electric heating. The chief point 
to note is the connection to the hot tap in the kitchen. 
It used to be common practice, particularly in the South 
of England, to supply this tap from the boiler flow pipe 
so that hot water could be obtained from it as soon as 
possible after lighting the fire. If an electric heater is 
to be fitted to the cylinder this practice must be aban¬ 
doned, and the connection made to the top of the storage 
tank, to enable hot water to be obtained from the kitchen 
tap when the boiler is not in use. 

The principal points to be observed in connection with 
self-contained heaters are that a pressure-type heater must 
be fitted with its own expansion pipe and that cistern- 
type heaters must be fitted above the level of the taps to 
be supplied. The actual position in which the heater is 
fixed often depends upon the space available in a par¬ 
ticular house. A pressure-type heater should preferably 
be fitted in the kitchen or immediately overhead in such 
a position that the most frequently used pipe, i.e, that 
to the kitchen sink, may be as short as possible. 

Pipe Losses 

Loss of heat in pipes is due to (i) the heat absorbed by 
the metal, (ii) the radiation and convection loss in, the 
pipe if kept hot, and (iii) the heat stored in the water 
content if it is allowed to become cold (“ dead ” water). 
An approximate comparison between the magnitudes of 
these losses per 10 ft, of f-in. non pipe at 180° F. is: 
(i) 63 watt-hours, (ii) 200 watts, (iii) 75 watt-hours. 
From this it will be seen that the radiation and convec¬ 
tion loss is considerable if the pipe is kept «hot continu¬ 
ously, and it is therefore essential when electric heating 
is used that the greatest care should be taken to reduce 
such losses to the minimum. Circulating loops in hot- 
water pipework should be cut out or shut off; one of 
these alterations is usually possible 1 in private houses 
without unduly lengthening the time taken for hot water 
to flow from the distant taps. In other cases, particularly 
for any distant tap which is in frequent use, the installa¬ 
tion of a separate local heater should be considered. 
In large installations, e.g. for a central system feeding a 
block of flats, a circulating or 2-pipe layout may be essen¬ 
tial but in such cases the circulating pipes should be 
lagged with best-quality lagging having an efficiency of 
at least 80 %. The loss from iron pipes run horizontally 
is approximately 19 watts per sq. ft. of surface for 
100 deg. F. temperature-difference. When the pipes are 
lagged, the loss is reduced to about one-fifth of this 
amount, the values for typical sizes being given in 
Table 5. 

For copper pipes, either left bright or chromium- 
plated, the loss will be about 60 % of that for iron, owing 
to the reduced radiation from a polished surface; but 
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■when the pipes are lagged the loss will of course be the 
same as for iron pipes. 

In a private-house installation, care should be taken 
to prevent any appreciable length of pipe being kept 
hot continuously by internal circulation. Apart from 

Table 5 


Heat Losses from Insulated Pipes per foot run 


Bore of pipe 

Watts loss 

Energy lost per 

24 hours 

in. 


kWh 

* 

2-9 

0-07 

3 

3-5 

0-085 

4 

i 

4-0 

0-096 


5-0 

0-12 


5-5 

0-132 

2 

6-7 

0-161 

H 

7-9 

0-19 

3 

9-6 

0-23 


•circulating loops, which, as already mentioned, should 
be cut out when electric heating is used, the only pipe 
which may be kept hot is an expansion or flow pipe rising 
vertically from the top of the hot-water storage tank or 
•cylinder. In order to prevent internal circulation in a 
pipe of.this kind, a " heat trap ” should preferably be 
formed. This is best done by carrying the pipe hori¬ 
zontally from the top of the tank for a distance of at 
least 1 ft., as shown in Fig. 10. This horizontal length is 
sufficient to prevent internal circulation and is generally 
preferred to a U-bend, which may, under some circum¬ 
stances, cause an air lock. In this way the continuous 
pipe loss may be reduced to a very low figure, say 
20 watts. 

In ordinary draw-off pipes which are only heated when 
water is drawn, lagging will only lengthen the time taken 
for the pipe to become cold. In practice, effective lagging 
can seldom be applied to existing pipes, and in ordinary 
use water is drawn off infrequently, especially from bath- 

Table.6 


Heat (in watt-hours) Stored per foot of pipe 

(at 180° F.) 


Bore of pipe 

In water 
content 

In iron pipe 

In copper pipe 
(No. 18 S.W.G.) 

in. 

i 

3-0 

4-4 

1-1 

i 

7-5 

6-3 

1-7 

i 

130 

8-8 

2-2 


Toom taps, and so greater economy can be obtained by 
reducing the amount of heat absorbed by the pipe and 
its water content. In this respect copper pipes have a 
marked advantage over iron, as will be seen from Table 6 . 

As a more practical illustration of the superiority 
of copper pipes, the following figures are of interest, 


giving the quantity of water at 150° F. which must be 
drawn through 15-ft. lengths of pipe, originally cold 
(60° F.), before the temperature of the water flowing out 
reaches 150° F.: Iron (fin.), 20 pints; copper (fin.), 

8 pints; copper (| in.), 6 pints. 

Another advantage of copper pipes is that owing to 
their smooth bore and to the fact that they can be in¬ 
stalled with easy bends which offer less obstruction than 
sharp elbows, the flow of water is better, with the result 
that -|-in. copper piping can be used instead of f-in. iron 
pipe. 

The heat loss from pipes due to water being drawn off 
is hardly susceptible to exact estimation, owing to the 
indefinite cycles of use. The simplest method of 
approximation for unlagged pipes, which lose their heat 
fairly rapidly, is to assume that all the heat is wasted, 
with the result that the loss can be expressed as the 
energy stored in pipe and water per draw-off. Suppose, 
for example, there are 10 draw-off periods at a kitchen 
tap supplied by a 15-ft. length of §-in. iron pipe; from 
Table 6 the total loss will be:— 

10 X 15 X (7-5 + 6-3) = 2-07 kWh 

As the daily loss from a separate l^-gallon heater fixed 
at the sink would be only, say, 0 • 5 kWh, and as the 
capital charges or the hire charge of such a heater may 
be no more than |d. per day, which is equivalent to, say, 

1 kWh, it will be more economical to install a separate 
water heater in the kitchen. It is, in fact, an accepted 
rule that in cases where the length of hot pipe to the 
kitchen tap is in excess of 15 ft. the installation of a 
local heater should be considered. 

Referring to bathroom taps, the less frequent use is to 
some extent counterbalanced by the larger size of pipe 
commonly used, and the generally accepted figure at 
which the installation of a local water heater should be 
considered is 25 ft. In practice, of course, such con¬ 
siderations have to be weighed in conjunction with other 
factors such as space available, cost of energy, position 
of pipes, and so on. 

Larger Installations 

Fig. 11 illustrates the conversion of a more extensive 
installation by using different types of self-contained 
electric water heaters. A cistern-type heater is used to 
supply two sinks on the ground floor, and separate 
pressure-type heaters are employed for the bathrooms 
on the first and second floors. The use of three separate 
local heaters is the maximum amount of decentralization 
which can be carried out to reduce pipe losses. A 
decision as to whether this would be desirable in any 
particular case would depend upon the distances between 
the various points to be supplied, and upon whether 
space could be found for the local heaters. If the bath¬ 
rooms are far apart, the arrangement shown is certainly 
the best that can be adopted for a new house. It has 
only one disadvantage, namely the fact that there is no 
pooling of storage capacity to guard against unusual or 
emergency requirements for hot water. On this account, 
as well as because of the greater simplicity of an installa¬ 
tion of this kind, many hot-water systems in existing 
houses are converted by using one central tank. This may 
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be either a large self-contained electric water heater, or 
the existing calorifier used for the indirect heating of a 
domestic hot-water supply from a central heating system. 
Although such calorifiers, as shown in Fig. 11, contain 
an annular heating cylinder or coil, space can usually be 
found for the fitting of an immersion heater and thermo¬ 
stat which, in conjunction with efficient lagging, enable 
electricity to be used from April to October when the 
central heating system is not in commission. Alterna¬ 
tively, when either the space-heating or the hot-water 
supply system is to be extended, conversions of this kind 
can be carried out instead of adding a larger fuel-fired 
boiler at much greater expense. 



Fig. 11—More extensive system using self-contained heaters. 

New piping -. 

Old piping used —. . 

Old piping cut out 

Designs for New Houses 
There is a considerable field for the application of 
self-contained heaters in the equipment^of new houses, 
where the capital cost of the heater is offset by savings 
made on tanks and pipework which would otherwise be 
installed. Fig. 12 shows a simple installation for a small 
house in which a cistern-type water heater replaces the 
prdinary ball-valve tank, hot-water tank, and fuel-fired 
boiler. The layout of cold-water pipes shown would not 
be approved by water authorities who require the cold 
taps in the bathroom to be fed from a ball-valve tank, 
but the simple arrangement indicated is quite satisfactory 
for those districts where it is permitted. It should be 
noted that the heat loss from " dead ” water in the pipe 
to the kitchen tap is reduced to a minimum by the use 
of j-in. copper pipe, which may have a total water con¬ 
tent as small as pint. 


For new houses of larger size in which a fuel-fired 
boiler is regarded as essential for space heating in addition 
to hot-water supply in the winter time, a special type 
of self-contained water heater fitted with boiler flow and 
return pipes may be used. If in addition care is taken 
to arrange the shortest possible pipe-run and to use 
light-gauge copper piping, the highest efficiency will be 
obtained and a smaller-size fuel-fired boiler can be in¬ 
stalled, with a saving in the winter fuel as well as in the 
electricity bill. 

Blocks of Flats 

The provision of electric water heating in blocks of 
fiats is a more complex problem. In the cheaper classes' 
of flat where no central system is provided for space 



Fig. 12.—Simple cistern-type heater installation in small! 

house. 

heating, each flat can be treated separately as though it 
were a private house. The only difference is that there 
is greater difficulty in accommodating the water heater- 
in a flat, and for this reason made-to-measure heaters- 
are often installed, designed to fit in cupboards or under 
the ceiling of the hall. For better-class flats, particu¬ 
larly those in which a charge for “ constant hot water 
is included in the rent, the problem is more difficult, 
but a number of very successful installations of the- 
central-storage night-tariff type have been in use for 
some years in various parts of London. In these cases- 
central storage tanks solve the problem of the great 
variation in use of hot water that occurs in individual- 
flats. A storage of 80 to 100 gallons per flat will be 
usually sufficient to meet the demand throughout the 
day, say from 7 a.m, to 10 p.m. With this type of in¬ 
stallation, energy is supplied under time-switch control 
during the night at a rate per kWh of approximately 
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two-thirds that obtainable under ordinary tariffs. The 
lower energy cost enables the large amount of hot water 
to be provided more economically and also reduces the 
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• pmr particular case depends chiefly upon commercial 
considerations. If the tenants have to pay their own 
bills for hot water, local heaters must be employed. On 
Se other hand, if the landlord pays for the ** 
a central system is more likely to give satisiact 
because the exceptionally Imge quantities used by so 
tenants when they do not have to pay according 
nudity make it almost essential to use central storage 
hT order to take advantage of the diversity between the 
habTts of different users. A central system is bound to 
be less efficient than local heaters, because of the radia¬ 
tion loss from circulating pipes, but the 1 ° wer e ^ Cie ^ 
is more than counterbalanced by the reduced cost per 
kWh which applies when a central system is supplied 
on a night tariff and the local heaters on ordinary 

ta pf g S ‘ 14 shows typical consumptions in various kinds of 
flats. 

Commercial Premises 

In addition to private houses and flats, there is a 
considerable scope for electric water heating m com¬ 
mercial premises, e.g. hairdressers’ and other shops, and 
offices and factories. Installations of this land can be 
readily designed using the types of apparatus^ already 
described, isolated groups of wash hand basins each 
having their local storage m a self-contained water 
heater or converted tank. Typical hot-water con¬ 
sumptions and storage capacities for various classes of 
premises are given in Table 7. These figures, which are 
based on the experience of electrically heated insta « 
tions are lower than those usually allowed by heating 

cost of the heat losses from the circulating-pipe system 5 Sv "l”l^ 

which is essential for this type of installation, a typical thisbei g d eoc , ndly that heating 

schematic pipework diagram of which is shown m to indue,e a margin for 

^Thefdecision as between a local and a central system variations in boiler-flow temperature. 

Table 7 



Electric Hot-Water Service in Commercial Premises 


Type of building 

Consumption (kWh) 

Gallons storage (at 160° F.) 

Remarks 

Lavatories in public conveniences, hotels 
and restaurants 

Lavatories in factories 

Lavatories in offices (including cleaning) 

Shops (hairdressers’) . - 

¥~2 P er was ^ 

1 - 2 per head 
per week 

2 - 3 per head 
per week 

7-20 per basin 
per week 

2 - 5 per basin 

|-1 per head 

|-1 per head 

3 - 5 per basin 

' For wash hand basins, es¬ 
pecially those in unattended 
lavatories, spring taps are 
’ advisable and may save as 
much as 30 % in operating 
j cost 

Consumption depends on num¬ 
ber of shampoos 

Shops (butchers’ and fishmongers’) 

15-20 per week 

12 


Shops (snack bars) .. ■ • 

15-30 per week 

11-5 

Consumption depends on size 
and hours of opening 

Surgeries (doctors’ and dentists’) 

7-10 per week 

H 


Clubs, sports pavilions ,. .. * • 

2-3 per shower 

. 

8-10 per person, 
neglecting 
recuperation 

Consumption applies to or¬ 
dinary showers; if special 
electric shower heater used, 
consumption is less (say 
1-5 kWh) 






Annual consumption kWh 
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Fig. 14. Consumption of electricity for water heating in blocks of flats in London. 



Local heaters: hot 
water at tenant’s 
expense. 


Central (night storage) heaters: 
VS hot water included in rent. 
Average consumption per flat. 
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Water Authorities’ Regulations 
Since the installation aspect of electric water heating 
is so important, reference must be made to the various 
requirements of water supply undertakings. These vary 
widely, despite the model form issued by the Ministry of 
Health, special regulations of individual undertakings 
being justified presumably by variation in the composi¬ 
tion of the water supply or in the reservoir and mains 
system. 

Generally speaking, water undertakings are concerned 
with the following objects:— 

(i) To ensure purity of the water supply. This does 
not affect consumers’ installations except in the case of 
those water authorities which require for this purpose 
that all electric water heaters of over 3 gallons capacity 
shall be supplied through a ball-valve tank or by a 
broken-feed arrangement which will prevent the water 
contained in the heater from draining back into the 
mains in the event of the supply failing. The alternative 
safeguard of a non-return valve in the feed pipe is not 
usually regarded as sufficiently reliable. 

(ii) To prevent waste. This is achieved inter alia by a 
requirement that all taps and ball valves shall be of 
approved design; the maj ority of water undertakings 
accept those made to a rigid specification sponsored by 
the British Waterworks Association, which are known as 
J.C.S.W.R. fittings. 

Bursting or flooding, which, in addition to being a 
source of waste, may cause damage to consumers’ 
property, is taken care of by regulations requiring 
expansion and overflow pipes to be installed, the latter in 
such a position that a discharge of water will be clearly 
visible. 

A further regulation which has been adopted by some 
water undertakings and is intended to prevent waste, is 
a limitation of the length of hot-water draw-off pipes 
with a view to reducing the amount of dead water. 

Some water undertaldngs are also concerned:— 

(iii) To reduce consumers’ maximum demands. This 
applies particularly in areas such as London where house 
service pipes may be rather small for the increased water 
consumption of the present day, and results in regulations 
limiting the size of electric water heaters supplied direct 
from the main to a capacity of 3 gallons. 

Wiring Installations 

The electrical connections to electric water heaters do 
not call for special comment, except in relation to the 
following points:— 

(i) Self-contained heaters, particularly those fitted in 
bathrooms, should be connected direct to a distribution 
fuseboard, the use of a plug and socket being avoided 
on account of the likelihood of the socket being used, 
on occasion, to supply other apparatus (such as a portable 
fire) which might give rise to serious danger of shock. 

The risk of shock from an electric water heater itself, 
even when fixed in a bathroom, is very small in compari¬ 
son with that associated with other appliances, because 
the water heater is invariably connected to the adjacent 
pipework by metal-to-metal joints; but, apart from this, 

. the water heater should be earthed in the usual way, the 
connection being made to a suitable terminal on the 


apparatus plate, to which the outer metal case should be 
bonded internally. 

(ii) The connections to water heaters should be made 
so that the thermostat is connected to the live pole of the 
supply, as this prevents the thermostat being short- 
circuited if an earth fault should occur in the heating 
element. 

ELECTRICITY SUPPLY ASPECTS 
Factors Affecting Policy 

Just as there have been two main lines of development 
in the design of electric water-heating apparatus, namely 
the self-contained heater and the immersion heater, so 
electricity supply policies have been based on two 
different points of view; in fact, it might be said that the 
supply aspect has governed the design of apparatus. 

The self-contained water heater, with its relatively 
low loading and high efficiency, was advocated originally 
on the Continent as the best means of filling the valleys 
of the load curve, and therefore justifying a specially 
low electricity tariff. In many towns on the Continent, 
practically all the electric water heating is still carried 
out at a low rate of between 50 % and 75 % of the rate 
for cooking and domestic power, energy being supplied 
only during the night. The other supply policy, which 
has been adopted in this country and in Canada, where 
electricity is supplied at very low rates for general 
domestic purposes, has been to recommend the simple 
immersion heater or circulator, often with hand con¬ 
trol, on the ground that many more installations of this 
inexpensive kind would be installed and that the effect 
of the higher loading would be offset by increased 
diversity. In this country both schools of thought 
have had their adherents among supply engineers, but 
the consensus of opinion is that neither policy is correct 
for all cases and that in every town there are a certain 
number of consumers who require and can afford con¬ 
stant hot-water service, while the remainder, who are 
numerically in the great majority, can only afford the 
intermittent service obtained with hand-controlled 
immersion heaters or circulators. In dealing with indi¬ 
vidual cases experience is the best guide, and, as has 
been mentioned in the section on “ Borderline cases,” 
a compromise is often advisable. 

It is difficult to define the dividing line between the 
two types of service. On the one hand, constant hot- 
water service will account for a greater use of hot water, 
and therefore a greater consumption of electricity, 
because of the constant availability of the hot water. 
On the other hand, the apparatus required for providing 
constant hot water is somewhat more expensive; and 
though the extra outlay can, for the same service, be 
saved in operating cost in a year or less, consumers 
may not appreciate its worth, especially if electric water 
heating is still regarded as a new-fangled idea to be 
approached with great caution. 

As regards the value to the supply authority of the 
load provided by different types of water-heating in¬ 
stallations, there is scope for further study. Broadly 
'speaking, all the domestic water heating in this country 
is supplied at the running rate of the ordinary two-part 
tariff. In urban districts this is usually in the neigh¬ 
bourhood of id. per kWh, and this figure results in 
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reasonable cost compared with other alternative methods, 
especially when electric heating is used in the summer 
and a solid-fuel-fired boiler in the winter. Typical 
average consumptions for different types of electric water 
heater are given in Table 8 , it being understood that the 
actual consumptions in individual cases vary widely from 
the average values. From these figures it will be seen 
that the consumption of electricity for water heating is 
substantial, e.g. it is generally much larger than the 
consumption for cooking. 

The value of the load to the supply authority depends 
on its demand characteristics as well as on the actual 
consumption, and the demand is so low and the con¬ 
sumption so high that water heating is the best of all 
domestic applications of electricity. As regards the 
actual demand or, expressed in another way, the diversity 
of the electric water-heating load, precise data relating 
to conditions in this country are difficult to obtain. 

By far the most complete investigation of this aspect 
of the subject was carried out in the U.S.A. in 1930 by 
the Electric Water Heating Committee of the National 
Electric Light Association, the results being issued in 
N.E.L.A. Report No. 1 G 6 . This covered a large number 
of field tests, using 70 simultaneously-recording ammeters 
to obtain the overall characteristics of groups of water 
heaters in different towns. Many of the results were 
only applicable to American conditions, but as the 
heaters tested varied widely in type—from 1-kW rating 
with thermostatic control to 6 -kW hand-controlled 
heaters—it is possible to extract from the very extensive 
tests made a comparison between the heater loading and 
the average maximum demand after allowing for diver¬ 
sity, which is quite likely to hold good for British con¬ 
ditions. This comparison is shown in Fig. 15, from which 
it will be seen that the low-loaded heaters have the best 
load characteristics. Although this may seem self- 
evident, it is often disputed on the ground that the 
diversity of high-wattage elements will compensate for 
their greater individual demand; the N.E.L.A. tests 
showed the latter view to be partly correct when the 
water use was small, but when a reasonable amount of 
water was used the load curve became much more peaky. 

Estimates made by the author of the average demands 
due to various types of water heater under British 


conditions are given in Table 8 , and from these it is 
possible to calculate the cost of supplying the water¬ 
heating load if the demands shown are chargeable, i.e. 
if they add to the maximum demands on the distribution 
network or on the whole of the supply system. In many 
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Fig. 15.—Relation between heater loading and load factor, 
after allowing for diversity (based on N.E.L.A. Water 
Heating Report). 


cases they will not do so, e.g. a circulator used only during 
the summer cannot affect peak loads occurring in the 
winter. 


Load Control 

As regards l-|-gallon heaters or other heaters used all 
the year round, a simple method of preventing their 
load from being added to the cooking load in the indi¬ 
vidual house is to connect the water heater to a change- 


Table 8 


Load Characteristics 


Type of water heater 

Loading 

Assumed 

energy consumption 

Estimated 
average 
demand after 
diversity 

Derived 
annual load 
factor 

Remarks 

Per week 

Per annum 

Self-contained— 

kW 

kWh 

kWh 

kW 

0/ 



l|-gall. 

0-75 

17 

900 

0-4 

26 

' 


12 -gall, 

1-5 

43 

2 250 

0-7 

37 



15-gall. 

1-5 

58 

3 000 

0-75 

45 


1 All - the -year- 

20 -gall. 

2-0 

72 

3 750 

0-95 

45 


round use 

30-gall. 

3 • 0 

86 

4 500 

1-25 

41 



Circulator or immersion heater, hand- 








controlled .. 

3-0 

38 

1 000 

1*0 

11 

'' 

Summer 6 

Do., with thermostat . . 

■ 

2-0 

76 

2 000 

1-0 

22 

- 

months only 


Vol. 85. 


2 


Annual load factor,per cent 
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over switch used for controlling the cooker. This can 
often be done without causing inconvenience to the user, 
but no tests appear to have been made to show the 
resulting effect on the network. If this method of load¬ 
levelling were at all costly to install, which it is not, 
doubt would probably arise as to its efficacy. 

With regard to the future, it seems probable that 
greater attention will be paid in this country to more 
definite means of controlling the water-heating load so 
as to take advantage of its storage characteristics. The 
benefits to be obtained in this -way may be applied either 
to the improvement of load factor with existing tariffs, 
or to enable lower tariffs to be quoted for the purpose of 
securing additional load not otherwise obtainable. 
Examples of the latter are large blocks of flats, and the 
provision of additional quantities of hot water for 
working-class houses and to meet competition from the 



Fig. 16.—Winter and summer load curves for Basle. 

The winter curve is that for 22nd December, 1937 (highest load of year), 
and the summer curve that for 21st July, 1937. 


more efficient alternative means of water heating. As 
has been noted above, some progress has already been 
made in this direction by offering for the night period a 
lower rate, under time-switch control, of, say, O' 3d. per 
kWh. 

The improvement in load factor obtainable from 
controlled electric water heating may be illustrated by 
Fig. 16, showing winter and summer load curves for the 
supply undertaking in Basle, and Fig. 17, which indi¬ 
cates an impressive improvement in the load factor of 
this undertaking, largely due to electric water heating. 
There are now 20 391 electric water heaters in use in 
Basle, probably having a connected load in the neigh¬ 
bourhood of 25 000 kW, and yet the total system maxi¬ 
mum demand for all classes of load is only 31 000 kW. 

The policy adopted in the U.S.A. is also of interest. 
As electric water heating would be too costly for the 
user if energy were purchased at the ordinary domestic 
rates, some form of load control is regarded as essential, 
and in order to supply low-price energy profitably the 
hours of use are generally confined to the night—say 
from 11 p.xn. to 7 a.m.—the rate per kWh being no more 
th an 1 cent, which is comparable with -|d. per kWh. 
The electric water heaters used are accordingly somewhat 
larger than those installed in this country, and further¬ 
more, in order to enable extra heating to be used in the 


daytime, two elements are fitted. One of these is fixed 
at the bottom of the tank and is used to heat up the 
whole contents during the night. The other is fitted near 
the top of the tank and is used during the day as a 
booster, the energy consumed by day being charged 
at the ordinary date rate of, say, 2'5 cents per kWh. 
Each of the elements is usually controlled by a thermo¬ 
stat, and their loading is often limited in proportion to 
the capacity of the tank. Limiting the loading of the 
base-load heater ensures that current is supplied through¬ 
out most of the night, while restricting the booster loading 
prevents excessive demand during the day. As a result 
of extensive experience of users’ requirements it is esti¬ 
mated that even in northern districts 35 % of the cus¬ 
tomers may be adequately served with 30-gallon tanks, 
and 50 % with 4.0-gallon tanks, the element loadings 
being between 500 and 1 000 watts. 

4 s far as small and medium-sized houses in this country 
are concerned, there are two objections to a water heater 
which is only connected to the supply during the night, 
as in Continental practice. The first is that users are 



Fig. 17.—Improvement of load factor of Basle undertaking. 


dissatisfied with a heater which gives only a limited 
amount of hot water and is incapable of giving any more 
until next morning. The second is that space for the 
larger capacity required is difficult to find in modern 
houses. So far no compromise has been found that will 
avoid these two objections. 

There is an alternative to the night tariff or 10-hour 
supply, namely the off-peak tariff by which energy is 
made available for 20 or 22 hours of the day, being only 
cut off at times of maximum demand on the system. 
This type of supply has been used to a slight extent, and 
might perhaps have received greater consideration if it 
were not for the fact that in many undertakings the time 
of the system peak has become increasingly uncertain 
with the extended use of electric cooking and space¬ 
heating. In a number of supply areas the peak load 
may now occur during any one of three periods of the 
day, namely breakfast time, 12 noon, and 4 to 6 p.m. If 
time switches are used to disconnect water heaters during 
each of these three periods of the day, there is a serious 
risk of users running short of hot water and being unable 
to obtain any more, unless the capacity of the water 
heaters is appreciably increased. The capital cost of 
this, together with the cost of the time switch and extra 
meter, and the additional accounting expense, are 
generally thought to make such a method of supply ml- 
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economical. The position in regard to off-peak supplies 
of this kind has, however, undergone considerable change 
as a result of the introduction of practical systems of 
carrier-current control,* because by these means the 
whole of the thermal-storage load connected to the 
system can be controlled from a central point by a switch¬ 
board attendant who is aware of the total load on the 
system at every moment of the day. The difference 
between this and predetermined time-switch set tin gs, 
which must necessarily include a substantial allowance 
for the occasional shifting of peak-load times, is very 
considerable. A rough estimate shows that the hours 
during which the supply is cut off during the winter 
months can be reduced from 250 to 50, or even less, if 
the thermal-storage load is a small proportion of the total 
system load. 

Discussion of such methods of load control, involving 
extra cost for apparatus, is unnecessary for the many 
supply undertakings which have found by experience 
that electric water heating can be developed very satis¬ 
factorily on standard tariffs without restriction; but the 


lower cost of hot water to the user, or, alternatively, the 
improved load curve obtainable by means of a satisfac¬ 
tory form of off-peak control, is probably of interest in 
connection with the further development of the water¬ 
heating load or its commencement in undertakings with 
higher operating costs. The author would repeat, 
however, that electric water heating has already been 
developed in many parts of this country with a degree 
of success which is unequalled elsewhere, when allowance 
is made for the relative price of coal, and there is ample 
scope for further development on the lines which experi¬ 
ence has shown to be satisfactory. 
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Mr. A. E. McKenzie: Sixteen years ago very few 
electric water heaters were made in this country, and 
those that were made were of the constant-trickle type, 
with a very low loading. We installed about 950 heaters 
of this type, but the great majority of them have been 
displaced by more modern types with higher loadings 
and, of course, better recuperation. To-day, British 
manufacturers are making excellent heaters of every 
type, and the British Standard Specification shortly to 
be issued will ensure even better heaters. 

On page 2 of the paper, figures are given which show 
the percentage saturation in several countries. When 
comparing the domestic development of countries or 
towns it is very misleading to use the ratio of the number 
of pieces of apparatus to the number of consumers con¬ 
nected, instead of to the number of domestic premises 
in the area. The latter basis shows the possibilities of 
development, whereas the former does not. In the three 
towns supplied by the Wimbledon undertaking there 
are 38 000 domestic premises, 38 000 consumers taking 
electricity, and 17 633 electric water heaters. This gives 
1 water heater for every 2 T 5 houses, or approximately 
46-4 % saturation, which compares very favourably 
with the figures quoted in the paper. In addition, there 
are a large number of publicly-owned heaters, 

I think that the figures given in Table 4 are actually 
the results of tests made at Wimbledon in 1932, when the 
loading of heaters of that size was 500 watts. To-day 
the loading is 750 watts, and of course very much better 
service can be obtained with that loading. 

In Wimbledon, all self-contained water heaters are 
cleaned out once in 2 years, and 4 improvers are em¬ 
ployed continuously on this work. All the heaters in a 
street are cleaned at the same time, thereby cutting 
maintenance costs down to a minimum. Taken over a 
period of years, the cost of cleaning such heaters, both 
large and small, averages Id. per month. I am con- 


nniPJ'i * P T R , SI 'T VE B W £ER: “Centralized Control of Public Lighting and 
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fident, however, that with increasing numbers this cost 
will fall in the future. 

As the author states, the problem of scaling is more 
serious with the 1 ^--gallon heaters than with those of 
larger capacity. Most of the scale is deposited at the 
top of the outlet pipe and at the anti-dripping device 
which is immediately over it. I have recently introduced 
a design which permits the removal for cleaning of the 
outlet pipe and the anti-dripping device without the 
necessity of removing any of the electrical connections or 
breaking the main apparatus plate joint. This enables 
the heater to be descaled and washed out in considerably 
less than half the time taken formerly, and of course at 
less than half the cost. It takes only a few minutes to 
carry out the operations necessary to remove the scale. 
Very little scale forms round the heating-element 
tube. 

So far as immersion heaters are concerned, we have 
over 5 000 of the self-cleaning type installed and we have 
yet to experience a failure. 

A strong case can be made out for the claim that the 
electric water heater is more reliable than any other 
type. Serious accidents due to electric water heaters 
are practically unknown. During the recent severe 
weather we were called on to attend to only 12 heaters, 
all of which functioned immediately the ice was melted 
in the supply pipes. 

It is very much to be regretted that the Electricity 
Commissioners, when recently asked to grant longer 
periods than 7 years for the repayment of loans for the 
purchase of cookers and water heaters, thought fit to 
grant such extension for cooker loans only. My experi¬ 
ence over the last 10 years with both cookers and water 
heaters indicates that the life of water heaters will be 
much greater than that of cookers. 

There are two important details upon which the author 
has not touched. One is that spring-loaded taps or valves 
should be fitted to the basins of all public lavatories, in 
order to avoid waste of hot water. The second point is 
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that captive jumpers should be fitted to all taps or \ alves 

where there is a restricted head. 

Under the heading “ Load Control ” the author refers 
to the practice of connecting the water heater to a 
change-over switch used for controlling a cooker, so that 
the two cannot be used simultaneously. Many engineexs 
have not adopted this practice, believing that unsatis¬ 
factory water-heating would result; but for many years 
every cooker which we have installed has been fitted with 
a change-over switch, and we have more than 10 000 
water heaters so connected and giving complete satis¬ 
faction. In most households a cooker is used at intervals 
for only 4 hours a day, and the remaining 20 hours is 
more than sufficient for water heating. During the past 
10 years we have received on the average less than one 
complaint per year of insufficient heating. This practice 
of fitting change-over switches has saved the Wimbledon 
undertaking several thousands of pounds a year. 

On undertakings where the domestic load predomi¬ 
nates, it is uncertain when the maximum demand will 
occur, and therefore 'carrier-current control seems to be 
the only system for removing load at the peak periods. 
If we had been able to use such control for disconnecting 
radiators at peak periods dui'ing the recent cold spell, we 
should have saved many thousands of pounds. 

Mr. O. W. Humphreys: In considering the author’s 
estimate of the potential demand for electricity for water 
heating it is necessary to decide whether the assump¬ 
tion on which his estimate is based—that all consumers 
can afford to use electricity for this purpose—is sound. 
I think it is, at least during the summer months, provided 
the consumption of hot water can be properly adjusted 
in relation to the means of the user. 

There is a danger that with the increased availability 
of hot water which results from the storage system, 
consumption may automatically increase, chiefly on 
account of the greater number of occasions on which the 
water is used. The author suggests countering this by 
using manual, instead of thermostatic, control, but as 
this means that the electric system is deprived of one 
of its most valuable features—immediate availability of 
hot water at all times—I feel that it would be better to 
try to educate the user to appreciate that hot water costs 
money, and to train him to use a continuously available 
supply with such attention to economy as his circum¬ 
stances demand. 

Mr. McKenzie referred to the British Standard Speci¬ 
fication dealing with water heaters which is to be 
published shortly. I too believe that it will increase 
confidence in electric water heating, will stimulate the 
demand, and will be adopted by supply authorities 
which hitherto have of necessity had to prepare then- 
own specifications. The specification is based on the 
sure foundation of the E.D.A. recommendations, which 
have stood the trial of a long period of use. 

The author’s reference on page 4 to the use of a 
calibration chart showing the relation between water 
temperature and thermostat setting, has, I think, been 
inspired by this Specification. The amount of heat 
available in a water heater of given capacity depends on 
the mean temperature of the water in the container, and 
this is a function not only of the thermostat setting but 
also of the design of the water heater, especially so far 


as it affects the temperature gradient between the top 
and bottom of the water in the container. If one takes, 
for example, a water heater in which there is a gradient 
of 25 deg. F. between top and bottom (this is not a com¬ 
mercial figure, but it can be obtained), and fits it with 
a short thermostat, occupying only a small proportion 
of the total height of the heater, the thermostat is 
naturally affected only by the temperature of the water 
immediately surrounding it, which is 10-15 deg. F. lower 
than the mean temperature of the water in the cylinder, 
and 15-20 deg. F. lower than the temperature of the 
water at the top of the cylinder. Clearly the amount of 
heat available in such a water heater is much greater 
than in one controlled by a thermostat having the same 
setting in which no such gradient exists. A way of 
overcoming this difficulty, which has been used in the 
past, is to employ thermostats specially set to suit the 
characteristics of the water heaters in which they are 
fitted, but this leads to confusion. The use of thermo¬ 
stats which are correctly set, and the provision, with 
each water heater, of a chart giving the relation between 
the thermostat setting and the mean water temperature, 
is to be preferred. 

The author refers to the possibility of water boiling in 
water heaters owing to the use of a thermostat with too 
low a differential, but I think that the defect which he 
has in mind arises from very frequent withdrawals of 
small quantities of water rather than the thermostat 
differential. Under such conditions boiling may occur, 
especially in the case of bottom-entry water heaters fitted 
with long heating elements and short thermostats, lhe 
remedy is to be found in attention to details of design. 

"While I agree with the author that tinning of copper 
containers is unnecessary so far as health considerations 
are concerned, there are other considerations, such as the 
appearance of the inside of the container, and the copper 
staining of baths and basins in areas where the water is 
cupro-solvent, which may warrant the retention of 
tinning. The American practice of using monel metal 
for water-heater interiors is probably justifiable where 
water heaters are used on high-pressure water supplies 
and advantage can be taken of the greater strength of 
this material. In this country, pressure-type water 
heaters are not connected direct to water supply mains 
and it is therefore necessary to make sure, before adopting 
a more costly material than copper, that the advantages 
gained are sufficient to justify the added expense. 

My final point is in connection with installation. I 
would suggest that we try to keep economy and con¬ 
venience in their proper perspective. I agree that in the 
case of consumers who have to consider every penny of 
expenditure the water heater should be fixed as close as 
possible to the kitchen sink; but there are very many 
consumers who show by their normal mode of life that 
they value convenience at quite a high figure. In such 
cases I think that it is far better to put the water heater 
in the place which is most convenient, which will fre¬ 
quently be the one in which it is least conspicuous, rather 
than in the one which results in the greatest economy. 

Mr. W. Millner : I should have liked to see in the 
paper some further discussion of what I would call the 
upper and lower limits; the lower limit being the problem 
of supplying hot water electrically to the working-class 
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community, where every penny counts, and the upper 
limit being the semi-commercial or commercial installa¬ 
tions, where the problems are not nearly so simple as in 
domestic -work. 

I agree with Mr. Humphreys that we should endeavour 
to educate everyone up to the use of a constant hot-water 
supply, but I submit that on the lower income levels such 
a course is entirely impracticable economically. It may 
be possible to provide a constant hot-water supply for 
sink use, but not for general household use. There are 
very many families to-day who are obtaining the supply 
of hot water that they need from simple wash boilers, 
electrically heated. I believe that there is a very big 
electrical market for that type of consumer. 

Turning to the upper limit, namely wash-basins and 
sinks in restaurants and hotels, it is very difficult to 
make accurate estimates of the quantity of water required 
by such users. We can obtain reasonable estimates for 
group wash-basins for office use, but not for restaurant 
kitchens where the hot water is used for washing up. 
During the last year or two in my own district we have 
installed a number of heaters dealing with this type of 
problem, and in many cases we have put in water meters 
in order to obtain some figures on which to work. In one 
instance, that of a milk bar and cafe running a 24-liour 
service, we found that the consumption varied from 30 to 
50 gallons per hour throughout the 24 hours of the day. 

Storage alone is no solution to problems of this sort, 
as there is very little room in such premises for large 
storage vessels. It is therefore necessary to employ 
higher loadings. In the case to which I refer, the 
problem was met by a 100-gallon heater with 12-lcW 
loading—6 kW at the top, to give quicker recovery, and 
6 kW at the bottom. It was found in practice that 
during the 24 hours there was never less than 6 kW con¬ 
nected on that heater. On investigation we found that 
we could not have given the necessary service at a less 
loading than about 9 kW, so that the 12 kW actually 
installed was not excessive. An increase of storage would 
not have helped, because as the heater was in constant use 
there was no period of recuperation. The only improve¬ 
ment from a supply point of view would have been to 
install off-peak thermal-storage equipment, and to do 
that it would have been necessary, owing to the shape of 
the load curve in the district, to have had the heater 
disconnected from the mains for at least 10 hours a day, 
which would have meant providing a heater of 1 000 
gallons capacity and about 20 kW loading, which it 
would have been impossible to get into the premises. 

Other premises of this type, not open 24 hours a day, 
have been dealt with by similar types of heaters, and the 
load factors, even with these very high loadings, have 

varied from 47 % down to 18 %. 

' • *-'* Hubert Smith : The author emphasizes in the 

first part of the paper the importance of the efficient 
application of electricity for water heating. This, of 
course, is where we can make good the disadvantage of 
electricity in the matter of the number of heat units 
which can be bought for a penny. Provided the installa- 
-ion is efficient, we can make a very good showing with 
•electrical energy at its present price. - 

Turning to the question of hard and soft water, no 
general rule can be laid down as to where it is satis¬ 


factory to use copper or galvanized-steel containers. I 
do not agree that where the water is hard it is safe to 
use galvanized steel; there are certain classes of hard 
water which are corrosive, and great care should be 
exercised before specifying galvanized-steel construction 
for use with electric water heaters. One is, of course, 
always safe in using copper construction. Steel con¬ 
struction is satisfactory in certain conditions, but not 
necessarily when galvanized; sometimes a plain steel 
construction, treated, possibly, with some anti-corrosive 
composition, is more satisfactory. 

If an electric water-heating installation is to be success¬ 
ful it must have a certain amount of storage—as much 
as the circumstances will warrant and the space will 
allow. 

With regard to the tinning of copper water containers, 
some engineers say that tinning is unnecessary and others 
that it is absolutely necessary. It is a controversial 
point, because of the enormous variety of water supplies 
to be found up and down the country; and not only do 
the water supplies differ one from another but the com¬ 
position of any particular water supply varies from time 
to time. What is certain is that any copper container 
that works on the displacement principle and therefore 
is not always full of water, should be tinned. The 
cistern-type heater should also most certainly be tinned, 
because it is often partly empty in the normal process of 
operation. Another method of dealing with the situation 
is to use a metal (e.g. monel metal) which does not require 
tinning at all. Although monel metal costs more than 
copper, it lends itself to manufacturing processes which 
enable savings to be made. 

Heating elements have attained a wonderful degree of 
reliability; the present-day heating element, when work¬ 
ing under reasonable conditions, will last for many years, 
and there is usually sufficient tolerance to allow of a 
certain amount of furring-up of the sleeves. 

I do not agree with the author that scaling is largely a 
function of the watts loading per square inch of heating 
surface. There is only one way of ensuring that there 
shall be no furring-up in very hard water, and that is to 
use the indirect heating method with water as the heating 
medium; but unfortunately it is impracticable to apply 
indirect heating by water to the small domestic hot- 
water heater—there is not sufficient space to do so. As 
regards the question of loadings, the average user in 
England will not adapt his requirements to the perfor¬ 
mance of the water heater; he wants the water heater to 
respond to his own wishes. It was very soon found, 
therefore, that the loadings, as applied to the early 
heaters, had to be increased. The present standard 
loadings are very satisfactory for all-round purposes, but 
none the less they still have to be increased very sub¬ 
stantially in many cases. For instance, some supply 
engineers insist on a loading of 2 kW for a l|-gaIlon 
heater, because they find that a small heater loaded to 
2 kW suits the needs of. their particular community. 
Similarly, 100-gallon heaters are very often loaded up 
to 12-18 kW. 

In regard to the definition of types .of water heaters, I 
am glad that we have discarded many vague descriptions 
such as “ semi-pressure," but why the pipe which runs 
from the top of a heater, to a point above the ball-valve '- 
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cistern should be called an " expansion pipe ” I cannot 
understand. It is not really an expansion pipe at all, 
because the water does not expand up that pipe; it 
actually expands backwards through the cold-water 
system. What we know as the expansion pipe is really a 
vent pipe, and its primary function is to discharge the air 
which is liberated during the heating of the water. 

A great deal of time has been spent over the design of 
1 ^-gallon electric water heaters, and all kinds of ingenious 
devices have been thought out to overcome the difficulty 
due to those two contending factors, the expansion of 
water and the fact that the heater works on a displace¬ 
ment principle, with water control on the inlet. The 
present-day product is a very sound one, however, and 
gives satisfaction in hundreds of thousands of homes. 
The great point with lj-gallon heaters, which have to 
work so hard, and particularly in difficult water con¬ 
ditions, is to keep them as simple as possible. If the 
water chamber contains a multitude of pipes and elements 
there will be many crevices in which “ fur ” can collect. 

So far as immersion heaters and circulators are con¬ 
cerned, it must be borne in mind that it is impossible to 
make full use of the available storage capacity by using a 
circulator. With cylinders or tanks of ample size the 
top-entry arrangement is very good, but where the 
cylinders are small, as they are in some districts, it is 
very often better to put an automatically controlled 
immersion heater through the side of the cylinder, and so 
make use of the full storage capacity. It is possible to 
obtain more storage value with some arrangements of a 
top-entry heater than with others, but never so much as 
with a side-entry heater. 

The circulator or immersion-heater installation should 
be worked in conjunction with a separate self-contained 
heater at the kitchen sink, because there is always a loss 
in the pipe-run from the cylinder to the draw-off tap in 
the kitchen. The sink heater may then be run at 160°- 
170° F. and the main system need not be run at more 
than 130°-140° F., because this is as high a temperature 
as will ever be required for the bath or wash-basin. 

The author mentions a certain type of circulator which 
has part of the loading controlled by a switch and part by 
a thermostat. Where a thermostat is used in conj unction 
with a heater it is much better for it to control the whole 
of the load. If it is desired to control part of the load 
also by a switch, let the switch be subsidiary to the 
thermostat; it will then not matter if the switch is left 
on accidentally. 

It is a good practice to fit a thermostat in conjunction 
with every immersion heater, either as an automatic con¬ 
trolling device or as a protective device to guard against 
accidental leaving-on. If the installation is sold as an 
automatically controlled installation, then the cylinder 
must be efficiently lagged; but if it is sold as a hand- 
switch-controlled installation, with possibly a thermostat 
to guard against accidental leaving-on, the lagging is not 
so important. I think that this is the line of demarcation 
in the argument between lagging and not lagging. 

With regard to pipe losses, it is fortunate that con¬ 
temporary with our efforts in the way of water-heating 
development there has been considerable development 
in the use of copper pipes, and copper pipework fits in very 
well with electric water heating; but it is necessary to bear 


in mind that it is undesirable to mix up copper pipes too 
freely with galvanized-iron tanks. 

As regards the usefulness of thermal storage, for very 
big buildings it may be quite practicable, but, as to its 
application to private residences, the best way to come 
to a conclusion on this point is to try to find a suitable 
position for, say, a 200-gallon well-lagged storage tank or 
cylinder in one’s own home! 

In conclusion, I should like to emphasize that the 
welfare of the whole electrical industry is wrapped up in 
the advance of the electric water-heating idea. Every 
water heater which is sold means extra load, extra cables, 
and extra plant; it affects the whole industry. 

Mr. R. W. Minter: The author omits to mention two 
types of water heater which should be dealt with if the 
paper is to cover the scope indicated by its title, namely 
the instantaneous heater and the electrode boiler. 

So far as instantaneous heaters are concerned, the 
author disposes of them in one short paragraph. Whilst 
it is perfectly true that the thermal-storage heater is the 
best type of installation where it is the only electrical 
appliance, apart from electric light, that the consumer 
has, surely electrical engineers should look forward to 
the time when every house will be all-electric. There 
are many instances where the instantaneous type of 
heater is preferable to the thermal-storage type. The 
author implies on page 3 that a 4-kW geyser would be 
suitable for supplying a bath; a much greater loading 
would clearly be required to overcome the difficulty of 
cooling of the water. The instantaneous heater is cheap, 
far more reliable than the storage type, does not fur up, 
and avoids the usual storage losses. 

With regard to scaling, surely this trouble is entirely 
due to the fact that the heating element of the present 
type of thermal-storage water heater is much too' 
concentrated. 

Under the heading “ Larger Heaters," the author says 
that each hot bath requires a minimum of 10 gallons of 
water at heater temperature, and that a 20-gallon heater 
can be used to give two hot baths in quick succession. I 
contend that it is not possible to obtain two hot baths 
in quick succession from a 20-gallon heater loaded at 2 
or 3 kW. The reason for this is that a considerable 
amount of cold water goes direct to the top of the tank; 
it certainly does in my own thermal-storage heater. 

I do not agree with the suggestion, made on the same 
page of the paper, that the poorer people should have to 
have a type of thermal-storage heater which will provide 
a hot bath only at intervals of 2-3 hours, nor do I agree 
that such a system is comparable with the conventional 
fuel-fired system installed in small houses. The makers 
of the best fuel-fired systems would be very upset if it 
were suggested that their products would not give a hot 
bath every half hour. ■ 1 

I think that immersion heaters should be regarded 
merely as a stepping-stone, to be discarded at the earliest 
opportunity. The author’s figures for the losses from 
them do not seem to agree with other published data. It 
is stated in the paper that the loss from a 20-gallon tank 
corresponds to a consumption of 2 kWh a day, but Mr. 
Bolton, in his book on water heating,* gives it as 16 kWh 

* D. J. Bolton, P. C. Honey, and N. S. Richardson: “ Electrical Water 
Heating, with special reference to the Domestic Storage Heater ” (Chapman and 
Hall, 1935). 
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a week for the very best type of thermal-storage 
heater. a 

I cannot support the suggestion that poorer people 
should have a switch-operated unlagged tank. What is 
wanted is a thermostat and switch. If the consumer 
docs not want a bath every day he can leave his switch 
off, and when he wants hot water he switches on but still 
has his protection against overheating. 

I do not approve the practice of always using a central 
water storage system. The proper place for an electric 
water heater, since electricity is so wonderfully flexible, 
is where the water is wanted and nowhere else, i.e. at the 
sink and in the bathroom. 

I mentioned electrode boilers because in Fig. 14 we are 
given the consumption of electricity for water heating 
in a large block of flats, and it seems to me that the 
electrode boiler might be better in a case of that kind 
than any form of thermal-storage system, with its 
tremendous losses. 

Regarding the author's remark that the water-heating 
load of this country is supplied at the normal running 
late of the two-part tariff, I would point out that a large 
number of municipalities supply it at a lower rate. I do 
not believe that the water-heating load is of sufficient 
importance to warrant a special rate; it is not the largest 
application of electricity to .the home, as the following 
figures taken from my own installation will indicate. I 
make the definite statement that room heating is the 
most satisfactory load that the supply engineer can have 
m domestic premises. When I designed my own all¬ 
electric house I estimated that, for a full year room 
heating would cost £13 15s. Od., cooking £4 4s. 6d., 
lighting £1, water heating (not counting the losses) 

£2 2s. 6d., and washing machine (loading 6 ■ 25 kW) £1 16s. 
The bill for energy for the year was £24 4s. Id. I had 
estimated my water-heating bill, exclusive of the washing 
machine, at £2 2s. 6d., and the actual bill was £2 12s. 8d. 
for the year. Assuming that my estimate of £1 16s. for 
the washing machine was approximately correct, the total 
annual water-heating consumption was £4 8s. 8d. Com¬ 
paring this with my estimated cooking bill of £4 4s. 6d. it 
is seen that the water-heating load is also no better than 
the cooking load. 

I am not in favour of the suggestion of carrier-current 
control of the consumer's load. The business of the 
supply undertaking is to give an adequate supply to meet 
the wishes of the consumer, not to think of ways and 
means of restricting the consumer’s habits of living. 

, ^ r ' Grierson: I agree with Mr. Minter that the 
title of this paper is a little misleading; I had hoped 
that the author would deal with a few of the more 
practical points which arise. 

, 0l ^ P age 1 {t is suggested that in soft-water districts 
the C0 2 content of the water is the cause of corrosion. 

should be grateful if in his reply the author would 
indicate his authority for that statement. 

He comments on the variation in the consumption of 
hot water m the smaller houses, but surely there is a 
very reasonable explanation. If the consumption of the 
3- or 4-bedroom house of the £1 000-£I 500 class is 
averaged at 60 kWh per week, and the efficiency of the 
installation is assumed to be 90 %, the net heat con¬ 
sumption is the equivalent of 54 kWh or 183 600 B.Th.U. 


per week. Assuming the temperature of the water is 
raised from 50° F. to 140° F., then the consumption of 
hot water is 183 600/90 = 2 000 lb., or 200 gallons. One 
bath per week, calling for 16 gallons, represents 8 %, two 
aths lepresent 16 %, etc., of the average weekly con¬ 
sumptionwashing machines are also another cause of 
the variation in consumption, as the usual capacity is 
approximately 9 gallons. 

I must join issue with the author regarding the 
maximum temperature of the storage water, for I con¬ 
sider that high temperatures are only justified as a last 
resort, to enable one to provide an effectual service of hot 
water from an existing tank or cylinder of inadequate 
capacity.. With the price of energy at Ad. per kWh we 
must strive for the last ounce of efficiency that it is 
possible to obtain from an installation. If the ambient 
ajrtmjmture is 60° F. and the water temperature is 
140 F., then the temperature-difference between water 
and air is 80 deg. F.; and if this temperature-difference is 
raised to (180 — 60) or 120 deg. F. the increase is 50 %, 
and this increase must invariably result in an increase in 
the standing losses. Risk of scalding (i.e. turning on the 
tap and not expecting such exceedingly hot water) 
damage to the porcelain and enamel of baths and basins’ 
and the additional losses in dead-legs, all form arguments 
against high storage temperatures. 

The author’s reference on page 3 to test and working 
pressures is a little ambiguous, and it should be made 
clear that working pressures should in no case exceed 
50 % of the test pressure. 

I have recently encountered a case of corrosion of an 
untinned copper cylinder, the pitting and eventual per¬ 
foration occurring on vertical lines on the inner side of 
the cylinder.. Although the cause is obscure and the 
failure is an isolated one, the discoloured drip markings 
commence at the joint between the dome and the barrel 
and it seems probable that either the solder or the remains 
of an active flux may provide the explanation. 

Micro-gap thermostats of certain makes have been 
made to function satisfactorily on 230-volt d.c. circuits 
where the current does not exceed 10 amperes, by the 
addition of a condenser of suitable capacitance connected 
directly across the contacts of the thermostat. 

Granulated cork is undoubtedly an effective heat- 
msulatmg material, but in practice it is found to “ pack " 
to a considerable extent during the first few weeks 
probably owing to the alternate expansion and contrac¬ 
tion of the storage vessel. This “ packing ” involves a 
second visit to the installation to “ top-up ” with addi¬ 
tional cork, and this adds to the cost of conversion. A 
non-packing type of insulation, such as red cedar-wood 
fibre, has been found to eliminate the necessity for this 
second visit. 

It is interesting to note that for a payment of approxi¬ 
mately £7 10s. the consumer may either have a l|~gallon 
unit type of water heater installed, or, alternatively, he 
may^ have an existing 30-gallon tank installation con¬ 
verted to electric operation by the addition of an immer¬ 
sion heater, thermostat, heat insulating material, and 
wiring. 

. Although it may reduce the initial cost of an installa¬ 
tion, it seems to be unwise to locate the thermostat imme¬ 
diately above the immersion heater when this is in the 
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horizontal position, i.e. in the convection stream of hot 
water rising from the immersion heater; because if this is 
done the thermostat tends to switch off prematurely, and 
consequently the number of thermostat operations per 
year must be substantially increased, and the life of the 
thermostat contacts be reduced. This practice will also 
tend to increase the recovery period by decreasing the 
number of B.Th.U. transmitted per hour to the water. 

The majority of complaints of inadequate hot-water 
service that I have investigated have proved to be due to 
the installation of vertical heaters combined with thermo¬ 
stats or (so-called) circulators, fitted down through the 
upper dome of the cylinder. In each case the consumer 
has been more than satisfied when the cylinder has been 
re-fitted with a heater and thermostat fixed at low level, 
and the improved performance has been verified by 
records obtained from pipe thermographs, water meters, 
etc. The complaint has been the same in each case— 
"a bucket of hot water, and then it runs cold.” The 
reason for the complaint is obvious: the cylinder being 
filled with cold water, the thermostat closes circuit, the 
heater functions, and eventually the thermostat opens 
circuit when it is immersed in hot water. Hot water is 
drawn off and is replaced by cold water, which lies at 
the bottom of the cylinder, in sight of, but out of contact 
with, the thermostat. If the hot water is drawn off in 
small quantities, the cold water rises slowly, and the 
cylinder may be more than half-full of cold water when 
the consumer decides that a bath is required. It may 
be argued that, commencing from the top of the cylinder, 
the water is very hot, hot, not-so-hot, warm, lukewarm, 
cool, cooler, and cold at the bottom; and that when one 
of these strata immerses the thermostat the contacts 
will close and the heater will function. If the cylinder 
had ample capacity the result might be satisfactory, but 
when the cold-water capacity is only 20-25 gallons every 
inch of vertical height is required for the storage of hot 
water at a temperature of 140° F. in order to ensure 
satisfactory results. Vertical heaters also induce an 
excessive deposit of scale {due to the excessive tempera¬ 
ture at the top of the cylinder) and also reduce efficiency, 
owing to the necessity for eliminating the heat insulation 
at the hottest part of the cylinder, in order to accom¬ 
modate the heater. Efficiency is still further reduced by 
the addition of exposed hot metal represented by the 
circulator head. A typical “ circulator ” head is of 3| in. 
diameter by 4 in. high, and contains approximately 
58 sq. in. of exposed metal at the maximum temperature, 
as compared with the area of the dome of a 16-in. 
diameter cylinder of 201 sq. in.; that is, the fitting of a 
vertical heater through the dome of a 16-in. diameter 
cylinder increases the area of the dome by 29 % at the 
hottest (and abnormally hot) point in the cylinder. 

The new clamp-on type of thermostat appears to solve 
the temperature-control problem for us, and I hope that 
some of our manufacturing friends will devote their in¬ 
ventive faculties to the production of angle-type bosses 
which will enable us readily to insert a magnesia-oxide- 
filled 2-kW 10-in. long heater into the majority (if not all) 
of the indirect type of cylinders, at a point low down in 
the vertical wall or barrel of the cylinder, 

I am glad to note that the author refers to the airing- 
cupboard problem. The removable pad is not the final 


solution of the problem, for when the consumer complains 
about his quarterly account he is invariably positive that 
either the pad has never been removed or that it has 
only been off for an hour or two at most, whereas the 
meter reading provides reliable proof that it must have 
been off for days, assuming that the consumption of hot 
water was normal. 

The statement is made in the paper that hot water will 
not circulate downwards, and this should be qualified. 
One of the most interesting complaints that I have 
investigated recently refers to a bungalow installation, 
where the cylinder was fixed 12 in. above floor level. 
Although the boiler flow pipe rises 11 in., and the boiler 
return pipe rises 1 in., between the boiler and the cylinder, 
in a run of approximately 10ft. of f-in. copper pipe, 
reversal of circulation through the boiler was definitely 
proved by disconnecting the pipes at the boiler.. With 
the pipes connected, no fire in the boiler, and the immer¬ 
sion heater in use, the consumption averaged 25 kWh per 
day and 175 kWh per week, whereas with the pipes dis¬ 
connected the consumption averaged only 12-5 kWh per 
day. In this connection, Mr. T. F. Holman* makes the 
following interesting statement: "Extent of circuit is 
immaterial, and it would be quite simple to warm the 
Bridge Gate office at the south end of the Tower Bridge 
from a boiler fixed in the North Gate office, carrying both 
flow and return mains via the high-level footways.” I 
have definite cases on record in which the immersion 
heater fixed in the indirect cylinder on the first floor has 
heated the secondary water, which, in turn, has heated 
the inner concentric cylinder, and again, in turn, has 
heated the primary water. The primary water has then 
commenced circulating in the vertical pipe to the loft, 
crossed the loft, descended to the ground floor, and 
returned to the cylinder, on the first floor, heating the 
boiler en route. It is not an uncommon practice in 
America to fix the storage cylinder on the floor below 
the boiler, care being taken to make the length of the 
rising flow main to the roof at least twice the vertical 
distance between the storage cylinder and the boiler 
situated above it. 

A point with which the author does - not deal, but 
which is of very considerable practical importance, is the 
general experience of hot-water supply engineers who 
have encountered installations incorporating galvanized 
storage cylinders and copper pipes or vice versa, and the 
possibility of electrolytic action between the two elec¬ 
trically dissimilar metals. Another interesting point is 
their experience with the base-exchange type of water¬ 
softening plant, when installed in conjunction with 
galvanized pipe installations, with or without the use of 
sodium-silicate injectors, or of special provision for 
mixing raw and softened water in order to arrest the 
process of corrosion of the immersed metals, i.e. in order' 
to maintain a protective coating of scale. 

On the question of high loading versus low loading of 
storage vessels, the former do their job and switch off, 
whereas the latter persist for some hours and inevitably 
contribute their quota of the load to the 7 a.m.-10 a.m. 
peak. With the housing-estate type of installation 
where the consumer rises between 6 a.m. and 6.30 a.m. 

* “ Essentials in Hot-Water Circulation,” Journal of the Institution of Heating 
and Ventilating Engineers, 1938, vol. 6, p. 292.' 
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and is at work at 8 a.m., heavily-loaded heaters are 
probably off supply by 8 a.m. or 8.15 a.m., whereas low- 
loaded heaters continue on the mains for a considerably 
longer period. 

Mr. G. O. McLean: When dealing with the lagging 
•of existing tanks and cylinders the author mentions that 
forms of lagging made up on site are commonly used, 
but he does not tell us much about them. I should like 
to say that a fair amount of in situ lagging is done with 
the red cedar-wood fibre which was mentioned by Mr. 
■Grierson. Last summer we tested an installation con¬ 
sisting of a 30-gallon copper cylinder with a 2-kW 
immersion heater and thermostat situated in a cupboard 
formed by three brick walls and a wooden door, with a 
minimum of 2|-in. clearance between the sides and the 
cylinder. The space was filled with small cork granules, 
the total weight of cork being 36 lb. With the thermo¬ 
stat set at 175° F. and an ambient air temperature of 
70° F.—this was in June—the average daily radiation 
loss over a week's test was 1 • 5 kWh. The cork was then 
taken out and replaced by 301b. of red fibre, and a 
further week’s readings were taken without drawing off 
any water; the average daily loss was found to be 2 units. 
Laboratory tests show, however, that the thermal con¬ 
ductivity of the red fibre and of such other forms as 
flax and jute is actually as low as that of cork granules. 
We then tried teazling the fibre out. We filled the 
space with 10 lb. of teazled fibre, and with that there was 
a loss of 2 • 8 units per day. Nevertheless, the fibre had 
some advantages over cork. For instance, there was 
much less dust and there was no odour, whereas with 
cork there is a considerable smell on first heating-up, and 
sometimes this lasts for a fortnight. The most important 
advantage, however, is that the fibre stays in position. 
It was possible to remove the matchboard front of this 
improvised cupboard and alter the thermostat settings 
without disturbing the fibre, whereas with the cork we 
had to build a little box round the thermostat in order 
to be able to get at it, and if the matchboard front was 
moved all the cork came out. With a cork-lagged instal¬ 
lation the floor boards have to be covered, especially 
round the pipes, as otherwise the small granules run 
down. 

Referring to an electrically heated towel-rail, the 
author says: “ This method of drying wet towels is much 
more economical than omitting some of the insulation 
from an electrically heated tank.” Has he not omitted 
to take into consideration the capital cost of the elec¬ 
trically heated towel-rail and the wiring cost ? I also 
think that he has made a mistake about the actual 
running cost. If the top of the tank is left uninsulated 
there will be only 1 to 2 sq. ft. of metal exposed, which 
at 160-180° F. will dissipate only about 100-200 B.Th.U. 
■per hour, or 70 watts at the worst, compared with 
100 watts loading for a towel-rail. Furthermore, the 
•author’s immersion-heater tank and separate towel-rail 
together have a worse load-factor than the single-tank 
installation, and therefore from the supply engineer's 
point of view the single installation is to be preferred. 

Mr. M. J. Gartside [communicated ): A very valuable 
feature of this paper is the prominence given to the 
temperature gradient which exists between the top and 
the bottom of the usual design, of storage water heater, 
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or of a tank heated by a circulator, and the consequent 
result that the temperature of water drawn from the 
heater may differ considerably from the temperature 
setting at the thermostat. Mr. Humphreys mentioned 
that this difficulty has been overcome in the past by 
using thermostats specially set to suit the characteristics 
of the water heaters to which they are fitted; but this is 
not a very satisfactory expedient, as the following con¬ 
siderations will show. The temperature gradient existing 
in a water heater is always greater when the water heater 
is first heated up from cold, while after it has been heated 
up for some time with no water being drawn off, the 
temperature gradient is quite small. Now if a short¬ 
stemmed thermostat is set low enough to prevent boiling 
during the first heating-up of the water, that same setting 
will result in a comparatively low temperature being 
obtained after the water heater has been standing by for 
some time. 

This point is of particular importance in connection 
with the modern design of lj-gallon tank in which an 
element almost as high as the tank is employed of fairly 
high loading. Modern practice is to use a thermostat as 
long as the element, and where the elements are mounted 
vertically this is usually an advantage, bearing in mind 
that thermostats more than 18 in. or 24 in. long are 
hardly practicable. 

This consideration of temperature gradient and its 
effect on the relation between outlet-water temperature 
and thermostat setting is one of considerable importance, 
as lack of realization of the apparently anomalous results 
which can be obtained causes unjustifiable complaints 
regarding thermostat calibration. The value of the 
paper would have been increased by the inclusion of 
curves, similar to those in Figs. 6a and 6b, for the modern 
designs of stox-age water heaters. 

The question of the use of the micro-gap type of 
thermostat with condensers for direct-current work has 
been mentioned in the discussion. Success is being 
obtained with micro-gap switches and condensers used 
in this way, but precautions must be taken: firstly, to 
ensure that the condenser is one suitable to withstand 
the fairly high ambient temperature found under the 
apparatus plate of the water heater; and secondly, that 
the connections between the condenser and the thermo¬ 
stat are made as short and as thick as possible in order to 
induce inductance and resistance, and are made in such 
a way that the condenser is never likely to become, dis¬ 
connected. Provided these points are taken care of, then 
the combination of thermostat and condenser seems to be 
a more satisfactory arrangement for direct-current use 
than the mercury-tube type of instrument. 

With reference to the micro-gap or short-break mag¬ 
netic type of thermostat, a valuable function of the 
magnet is that it provides the necessary snap action of 
the switch in an entirely frictionless manner. 

Mr. R. B. Rowson ( communicated ): The propoi-tion 
of space allocated in this paper to engineering details 
and the economics of water heating respectively affords 
a striking commentary on the lack of balance from which 
the electric supply industry tends to suffer. In spite of 
the special facilities the author must have, he is not able ' 
to put forward any definite figures regarding the charac- 
teidstics of the water-heating load under English con- 
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ditions, but is compelled to refer to American statistics. 
One would have thought that before trying, as they have 
done, to encourage this load by a national advertising 
campaign the British supply industry would have carried 
out fairly extensive experiments to ascertain its economic 
effect. 

In general, English engineers seem to be of the opinion 
that the load is almost, or entirely, off peak, whilst 
American engineers know from their investigations that 
this may not be so unless the hours of use and the relation 
between capacity and loading are controlled. The 
necessity for some control was emphasized in a recent 
review of water-heating tariffs* which showed that the 
present trend in the U.S.A. was for special rates to be 
offered for night use only, and for the watts per gallon 
to be reduced to 20-25 for night heating and to 30-40 
for daytime boosting. It has also been shownf that with 
the heater continuously connected to the supply and 
thermostatically controlled the demand at 9 a.m. was 
very substantial. This latter fact appears to be reason¬ 
able in view of the shape of the “ draw-off " schedules 
given in the National Electric Light Association report. 
If the above-mentioned result is compared with the load 
curves of Hastings and Wimbledon J it will be seen that 
there is a fair chance that the thermostatically controlled 
unrestricted water heater increases the system peak and 
as a consequence the tariff offered should include some 
kilowatt component. 

In view of the above remarks it is difficult to appreciate 
how the loadings given in Table 3 of the paper can be 
satisfactory from the point of view of the supply under¬ 
takings, except on the assumption that hot water is 
obtained by other means in the winter. It is interesting 
to note from page 16 that some water undertakings, 
faced with similar difficulties, take a realistic attitude. 

The author mentions that the load might be controlled 
by one of the remote-control systems. Apart from 
capital charges, the technique of operating such systems 
for off-peak control is difficult if the load factor of the 
undertaking is fairly good to start with. The precise 
moment when the heaters should be cut off so that the 
demand of the undertaking is not increased, and yet at 
the same time the users are not inconvenienced, is 
extremely difficult to determine. A study of one parti¬ 
cular system indicated that the installation of remote- 
control gear would not be of material assistance unless the 
consumers also used reasonably large tanks. 

The possibility of the demand due to the water-heating 
load overshadowing the demands of other loads must not 
be overlooked. This condition has occurred in New 
Zealand§ and appears to have put the supply authorities 
in a very difficult position. An idea of the magnitude of 
the potential water-heating demand may be obtained 
from Table 2. If heating could be restricted to 8 hours 

* Electrical World, 1937, vol. 107, p. 33. 

t Ibid., 1032, vol. 100, p. 722. 

t Electrical Review, 1939, vol. 124, p. 20; and Electrical Times, 1939, vol. 94, 
P-29. § Electrician, 1937, vol. 121 , p. 781. 


per day and could take place at a uniform rate, the 
demand would be about 6 500 000 kW. This figure, 
being based on averages, is likely to be exceeded, 
especially as the size of heater installed will have to be 
large enough to meet demands for hot water well above 
the daily averages given., It seems, therefore, safe to say 
that the potential demand is greater than the total present 
maximum demand of the country for all purposes. 

As an alternative the load could, with suitable restric¬ 
tions on watts per gallon, be supplied at, say, a 50 % to 
60 % load factor with a maximum demand of, say, 
4 000 000 kW. As, however, the price per unit would 
have to be, say, Jd., it seems doubtful whether this would 
be economically possible and whether it would be 
advisable from the national point of view to spend, say, 
£200 000 000 in putting down plant and mains to supply a 
service which can be, and is being, met by alternative 
commodities. 

In connection with Table 2, it is difficult, even allowing 
for the differences in income, to see how the larger and 
poorer families are to manage with 7 gallons of hot water 
per day. The proportion of families having incomes 
from £250 to £500 is larger than I had been given to 
expect from other estimates, and perhaps the author 
would mention the source of his figures. 

Mr. E. O. Taylor ( communicated ): The author has 
shown that electric water heating in domestic premises 
is technically possible in the majority of cases, but he has 
been less successful in justifying its use on economic 
grounds. This may be illustrated from my own experi¬ 
ence in an 8-room house occupied by 3 adults and 1 child 
which is supplied throughout the year with ample hot 
water by a fuel-fired boiler at an average cost of 5d. per 
day (taken over 3 years). Using the author’s figures 
given in Tables 1 and 4, and assuming 2 baths per day 
and 10 fillings of the wash-hand basin, the consumption 
of electrical energy would be 13-72 kWh per day. To 
compete with the fuel-fired boiler, therefore, the cost of 
electricity would have to be not more than 0-36d. per 
kWh. Actually the above estimates of consumption and 
those of Table 4 would involve considerable care and 
economy in the use of hot water, so that for most average 
households an even lower cost per kWh would be neces¬ 
sary. Furthermore, in addition to providing hot water, 
the fuel-fired boiler provides heat for one room and also 
enables perishable refuse to be burnt—an important 
feature when dustbins are only cleared once per week. 

An ample supply of hot water is probably the most 
effective of all the possible labour-saving devices which 
can be installed in a house, but it would appear from the 
above figures, which seem to be typical for a house in 
which the residents are in continuous occupation, that 
electric water heating cannot be economic unless the cost 
of energy is as low as about 0- 3d. per kWh. 

[The author’s reply to this discussion will be found on 
page 50.] 
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Mr. C. W. D. Newman: Makers of electric water 
heaters so design them that, with a minimum of trouble, 
apparatus plates may be withdrawn for the purpose of 
inspecting the deposit of scale which has formed upon 
them. Unless electric water heaters are to be discarded 
in districts where the only available water supply is 
heavily charged with scale-forming ingredients, however, 
some simple and thoroughly effective means of causing 
scale-shedding from the apparatus must be devised. 

Experience with evaporators in the engine room at 
sea leads me to believe that this is practicable. No 
scale-shedding at all from scaled-up evaporator tubes 
will result from blowing-down an evaporator and then 
quickly refilling it with cold water. The reason is not 
far to seek. The scale, formed on the copper tubes as 
tightly fitting concentric tubes, was deposited when the 
copper was at its normal working temperature. Scale 
is a remarkably bad conductor of heat; but has quite 
appreciable mechanical strength in compression. Con¬ 
sequently, the copper tubes, within their protective 
coating of scale, do not cool and contract very much; 
and the scale tubes do not collapse and break up into 
fragments. If, however, after an evaporator has been 
blown-down, and while it is still empty, the heating 
steam be turned on liberally through the copper heating 
tubes, they will rapidly expand to dimensions in con¬ 
siderable excess of those obtaining when they received 
their coating of scale. Then, since scale has a low 
coefficient of expansion relative to that of copper, and 
is moreover fairly weak in tension, it is vigorously, 
inexpensively, and very effectually shed. In this way 
the efficiency of an evaporator can be maintained in¬ 
definitely, but within a limit imposed by the space taken 
up by accumulation of shed scale. 

Analogous treatment would appear to be feasible in 
the case of electric water heaters, provided only that 
the elements are made robust enough to stand up to 
the drastic de-scaling technique I have described. 

It should be possible to arrange for the necessary 
apparatus to be available for periodic operation by the 
service department, with the heaters in situ in con¬ 
sumers' premises, and yet as inaccessible to the house¬ 
holder as, say, coins in a slot-meter. 

Mr. C. G. Agg: Is it not a fact that a water heater 
with a glass container is on the market ? If so, will this 
do away with some of the disadvantages of existing 
containers, such as (i) absorption of copper into water 
and (ii) corrosion on iron containers ? 

I have noticed that if granulated cork is used for 
lagging and this for some reason gets overheated it 
gives off an oily substance. This forms on the porcelain 
container and gives the appearance of rust, due to its 
“ rust ” colour. This is worth noting, as it may mislead 
an inspector into thinking that a leak exists in the inner 
container. 

Mr. J. F. Edgell: Whilst the author is probably 
correct in that most of the salts are not precipitated until 
a temperature of 180° F. is reached, I believe that quite 
a lot of precipitation occurs at a much lower temperature; 
and, further, I submit that the temperature at which 
liberation of the CO a gas occurs is governed to a very large 


degree by the turbulence of the liquid, and in particular 
by the stresses within the liquid, due to the diverging 
of the convection currents. We have to remember that 
it is the liberation of the CO a gas that is the root cause 
of scale formation. 

In Gloucester we have two distinct types of scale. 
The more common varies in colour from pure "white to 
dark brown, depending on the quantity of ferric oxide 
and alumina present, but chiefly on the rate of deposit 
of the calcium carbonate. The white deposit is almost 
entirely calcium carbonate, with only about 1 • 4 % 
calcium sulphate, and its spongy structure denotes rapid 
deposit. The slower the rate of deposit of calcium 
carbonate, the more crystalline and hard is the scale 
formed. This spongy deposit does not shed in service, 
nor does the harder variety shed readily. 

The other form of scale sheds very readily, and accu¬ 
mulates in the lower part of the heater, leaving the 
tinned copper surfaces from which it is shed compara¬ 
tively clean. This formation is of the nature of aragonite 
mixed with calcite, both of which tend to agglomerate 
to hard compact masses. 

The author considers it strange that individual hot- 
water requirements differ to such an extent; whereas in 
my opinion it would be strange if they did not. The 
human being possesses an individuality, and, moreover, 
is capable of exercising it; hence one cannot average his 
requirements unless some other factor has a predomina¬ 
ting influence. A coal miner, a chimney sweep, or a 
foundry hand, would conceivably have similar hot-water 
requirements, but other people are more free to exercise 
their likes and dislikes. Incidentally, as a general rule, 
elderly people have smaller hot-water requirements than 
the less mature. Income, I find, has practically no 
influence, assuming establishments of the same size. 

The figures of percentage saturation in other countries 
(page 1) reflect economic and tariff conditions in those 
countries. Water heating has a high elasticity com¬ 
pared with lighting, as it is still regarded as one of the 
services in which electricity has little advantage over 
competitive methods. 

A pressure test of 50 lb. per sq. in. for water con¬ 
tainers (page 3) would not satisfy our requirements in 
Gloucester, as the normal mains pressure in many dis¬ 
tricts is 65 lb. per sq. in. We ask for a test of 120 lb. 
per sq. in., and this almost necessitates the welded con¬ 
struction mentioned by the author. 

I do not agree that tinning is unnecessary, as I have 
too often seen the result of the action of tap water on 
unprotected copper. The corrosive effect of carbonic 
acid (H 2 C0 3 ) is well known in cistern-type heaters in 
particular. 

On page 3 the author appears to have confused the 
necessity of keeping the element wire within its tem¬ 
perature limits with the mechanics of scale formation. 
The amount of scale deposit which forms in a water 
heater designed for hard-water service depends upon 
how bad the design is. Scale is thrown out where C0 2 
is evolved, and the primary cause of C0 2 evolution at 
temperatures near the critical is turbulence, which is 
created by convection currents. Long heater tubes are 
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a source of convection currents, and hence of turbulence, 
leading to scale formation. The scale thrown out is at 
a maximum where the convection currents diverge, 
because here are the maximum turbulence and the ■ 
maximum stresses in the liquid: hence the characteristic 
shape of the scale deposit, on the outlet and thermostat 
tubes as well as on the heater tubes. 

Heavy scale deposits form on the outlet tube if the 
design is such that turbulence is pronounced when water 
is drawn off. An enlarged outlet reduces turbulence, and 
hence scale deposit at the mouth of the tube. 

Scale will of course form on the heated surface with 
which the water is in contact, but it becomes a problem 
only when we so dispose the heating surfaces and tubes 
that scale formation is encouraged on those surfaces. 
Scale deposit may also be encouraged owing to turbu¬ 
lence caused by a poorly designed inlet baffle. 

In the case of four heater interiors that have been in 
service in “ test positions,” each position known to yield 
similar results when similar interiors are employed, No. 1 
interior, having a loading of 5 watts per sq. in., failed 
early and carries a very heavy scale deposit. No. 2, 
with 10 watts per sq. in., has a scale deposit of some 
| in. radial thickness on the outlet tube as well as the 
heater tubes, the deposit being slightly greater on the 
■outlet tube. No. 3, with 12-5 watts per sq. in., has a 
deposit of some \ in. radial thickness. No. 4, with 
14-5 watts per sq. in., has a deposit of less than in. 
radial thickness. I would suggest that these heaters 
furnish evidence that watts density has little bearing on 
•scale formation in a well-designed heater. No. 1 failed 
owing to complete choking-up of the outlet tube, due, 
I submit, to the hemispherical anti-drip siphon device 
producing much turbulence at this point. 

The heat-loss figures given in the paper are, in my 
opinion, low. I would draw the attention of the author 
to the results of tests reported recently in the Electrician * 
Three heaters, when tested over a considerable period, 
gave daily radiation losses of O’88, 0-87, 0-86 kWh 
respectively. Does the author dispute these figures ? 

Standardization of pipe sizes and wall-fixing centres 
is not enough. l|-gallon apparatus plates purchased in 
1935 from one of the two manufacturers mentioned by 
the author are not interchangeable with those purchased 
in 1936, nor are either of these interchangeable with 
those purchased in 1937, without plumbing alterations. 

Turning to the special anti-scaling heaters mentioned 
on page 6, the only one that is reasonably satisfactory 
is that shown in Fig. 5a (a), and its success is due to the 
■outlet being out of the path of the convection currents. 
I can find no excuse for the unit shown in Fig. 5b ever 
having been designed as a hard-water heater. It is a 
fundamental error to have moving parts—springs and 
rubber plungers—inside a water heater, where they are 
all subject to scale deposit. 

Simplicity is an essential feature of the design of a 
water heater if it has to operate in hard water. Low 
wattage is essential only when the design is such that 
heavy scale deposits occur on the heated surface. Heavy 
scale deposits can be avoided by reducing the length of 
the heater tubes and displacing them from the centre 
line; in short, by reducing the convection currents. Low 

* Electrician, 1038, vol. 121, p, 622. 


wattage per square inch is helpful only in so far as the 
velocity of convection currents is lower than with high 
wattage. 

Mr. R. W. J. Cockram: For families where the 
income is £250 per annum or less a thermal-storage 
heater for supplying hot water to the bathroom is often 
uneconomical since it will in all probability only be used 
on one or two evenings a week, and the rest of the time, 
if left connected to the electricity supply, it will be 
absorbing energy owing to its inherent losses. The 
immersion-type heater has an improved utility value 
when fitted vertically in the household cylinder, but has 
the disadvantages of expansion and draw-off pipe losses, 
while still quicker top heating and hence further increased 
utility would be obtainable if the ratio diameter/height 
could be reduced. This increased utility is met by the 
unlagged self-contained heater of 15-20 gallons capacity 
fitted with elements and draught tubes and loaded to 
3 or 4 kW. This heater will provide a small quantity 
of hot water in a very few minutes, and if required will 
heat the whole contents of the container in a short while. 
Being self-contained, it has no pipe losses. The heater 
may be of the displacement or non-pressure type for 
providing service to two adjacent points by means of a 
swivel outlet, or, where water supply authorities permit 
it, may be fitted with a ball valve connected to the water 
mains and service obtained to a number of distant 
points. In the latter case, in order to counteract the 
fall in level of the water due to the draw-off rate being 
in excess of the feed rate of the ball valve, a special form 
of floating outlet is incorporated. 

For supplying the kitchen, however, I agree that the 
small thermal-storage heater is very suitable, since hot 
water is in fairly constant demand in the kitchen 
throughout the day and the cost of running overnight 
is offset by the fact that hot water is available on demand 
the next morning. 

I therefore suggest that for families where the annual 
income is £250 or less a small thermal-storage heater for 
kitchen use, and a non-pressure type of accentuated 
quick-top heating and self-contained heater for the bath¬ 
room, is the most economical form of electric water 
heating available. 

I see that fire-back boilers are still included in pipe 
diagrams. Cannot the all-electric house be proved to 
be an economic proposition, or is it desired that elec¬ 
tricity supply should only be developed along certain 
restricted lines, owing to the mains and feeders being 
too small to carry the increased demand which would 
be experienced if all properties were run on all-electric 
lines ? If the latter is the case, then it appears that the 
use of electricity in this country is not going to progress 
with the rapidity which is within its possibilities. 

Mr. J. C. Sanders: On page 3 the author mentions 
that " the amount of scale deposited therefore depends 
upon the density of heat transmission through the 
surface of the heating elements, and it is found that if 
this can be reduced to 10 watts per sq. in., scaling is 
slight. Another method of preventing deleterious 
scaling, which is probably preferable, is to make the 
heating element so long and so thin and of such a shape 
that its expansion and contraction during heating and 
cooling is sufficient to fracture and throw off the. deposit 
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of scale, and thus prevent it from adhering in any 
dangerous thickness.” Whether elements can be made 
to descale themselves by increasing the watts density 
and reducing the diameter is a very debatable point, but 
I submit that if a thermal-storage heater is tested to 
destruction in a hard-water area the heating elements 
will not be found to be the limiting feature. The scale 
problem cannot be solved by designing a thermal- 
storage heater with long elements having a high watts 
density in the hope that these elements will descale 
themselves, as excess scaling will take place at other 
portions of the heater. Let us consider for a moment 
the question of the formation of scale from its chemical 
aspect. Water which is said to be temporarily hard con- 
• tains in solution, in the main, salts of calcium and mag¬ 
nesium, in the form of bicarbonates. These bicarbonates, 
on being heated, give off C0 2 and deposit calcium and 
magnesium carbonates. Again, the carbon-dioxide gas 
which is given off combines with the calcium hydrate in 
solution to form calcium carbonate. These two reactions 
are represented by the two equations:— 

Ca(HC0 3 ) 2 = CaC0 3 + C0 o -f FLO. 

CA(OI-I) 2 + C0 2 = CaC0 3 + H 2 6 

These equations may then be combined into one which 
illustrates both reactions, namely 

Ca(HC0 3 ) 2 + Ca(OI-I) 2 = 2CaC0 3 + 2H a O 

It is these crystals of calcium carbonate deposited on 
the various internal parts of the heater which are known 
as scale. 

Let us now apply this equation to a water heater 
operating in hard water. When the heating elements 
become hot, small bubbles of carbon dioxide form around 
their sheaths, and rise slowly to the surface, combining 
with the calcium hydrate as they rise to form crystals 
of calcium carbonate. These crystals, as they form, 
tend to settle on the nearest metallic surface available! 

If the heating elements are of sufficient length, the 
bubbles of carbon dioxide given off by the lower portion 
of the elements tend to form deposits of calcium carbonate 
on the upper portion of the elements. It has been proved 
by experiment, however, that if the length of the elements 
is kept within a certain maximum value, this tendency is 
almost entirely overcome. This indicates that the first 
essential in the design of a water heater for hard-water 
areas is short elements. 

Again, experiments show that the rate of liberation 
of carbon dioxide is in direct proportion to the element 
temperature, i.e. to the watts density, and as the amount 
of scale formed is in proportion to the amount of carbon- 
dioxide liberated it follows that the second essential is 
low watts density. It has also been established that a 
high watts density gives rise to the formation of much 
larger crystals than a low watts density, the reason for 
this being that in the latter case the crystals are pro¬ 
duced more slowly, and hence are more completely 
formed. 

From the above our conclusions are, therefore, that 
in a water heater designed to operate in hard-water areas 
the following points are essential: (a) Heating elements 
must be designed with the lowest possible watts density, 
in order that the amount of scale formed shall be a mini¬ 


mum, and also to ensure that what scale is formed shall 
consist of small crystals. ( b ) The heating elements should 
not exceed a certain maximum vertical height, such that 
excess deposit of scale on the upper end of the elements 
does not occur, (c) It will be observed that (a) and ( b) 
are contradictory, in so far as reduced element length 
naturally results in increased watts density. To over¬ 
come this, rather than increase the diameter of the 
element, which would tend to result in higher element 
temperatures, the number of heating elements should be 
increased. 

From the point of view of operating efficiency, the 
following factors must be borne in mind. 

(1) Decreased element length, together with low element 
temperatures, will result in a better internal temperature- 
gradient, which will again result in the water at the 
bottom of the container being at approximately the same 
temperature as that at the surface. This means that an 
increased number of B.Th.U. can be stored in the same 
heater with the same maximum temperature. This point 
is of paramount importance in the design of small water 
heaters, as it is easily possible to obtain as much hot 
water from one manufacturer’s l|~gallon heater as from 
the next one’s 3-gallon size. 

(2) A design of heater with no appreciable temperature 
variation having been achieved, it now follows that one 
universal thermostat setting can be used for all sizes of 
thermal-storage heaters, and in addition the dial setting 
of the thermostat will agree with the draw-off tempera¬ 
ture. This will obviate the necessity for thermostat- 
calibration charts, which I believe are being fitted in 
certain cases, giving the relation between the thermostat 
setting and the temperature of the water which the con¬ 
sumer may expect from the outlet. 

I therefore suggest that a water heater which has been; 
designed so as to give the best possible results in hard 
water will also give the best results from a heat-storage 
point of view. 

Mr. G. G. Burton: On page 6 it is stated that the 
head of the cistern-type heater is limited to the vertical 
distance from the water level in the cistern to the outlet. 
This is not the case with the majority of cistern-type 
heaters, which are of the variable-volume constant- 
temperature type, so that the minimum head is equal 
to the height of the outlet above the highest outlet 
valve. In a heater of this type the rate of flow from 
the cistern to the heater is restricted to the rate at which 
the elements heat the water, so that the whole content 
of the heater is withdrawn at constant temperature. 

The author makes no mention of the ejector type of 
anti-drip device. This is a great advance on the siphon 
type, which has the following disadvantages: (1) A 
minimum volume of 4 % of the capacity (the amount 
allowed for expansion) can be withdrawn from the heater. 
This is a disadvantage when filling small vessels from 
the displacement-type heater, and in addition causes- 
wastage of hot water. (2) The top of the outlet pipe 
has a great tendency to fur-up in hard water, so that no¬ 
device should be fitted which will increase this tendency, 
either by restricting the water flow or by providing a 
surface on which the fur can rest, (3) A siphonic trap 
is unsuitable for use at low pressure, as gushing will 
occur under these conditions. This is because there is 
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a minimum rate of flow from an outlet fitted with a 
siphonic trap, controlled by the difference in height 
between the free level of the heater and the outlet. 

(4) With a siphonic trap there is a time-lag before the 
water ceases to flow after the inlet valve has been closed. 

The ejector type of anti-drip device utilizes the pres¬ 
sure of the incoming water stream, which is passed 
through a jet and arranged to empty a chamber enclosed 
in the heater during the period that water is flowing 
through the heater. When water ceases to flow, this 
chamber refills and thereby allows space for expansion. 

Fig. 6b shows the heating curves obtained with two 
types of circulator, one having its elements wound over 
the full length, and the other having its elements wound 
in the bottom portion only. In the former case, the 
thermostat cuts off when the temperature of the water 
at the top of the tank is 208° F., and the temperature of 
the water 18 in. down the tank is approximately 160° F. 

It is stated in the paper that the thermostat is 18 in. 
long and that it is set at 160° F.; to what part of a tank 
does the temperature setting of the thermostat refer ? 
In certain cases thermostats are calibrated to suit the 
top temperature of the tank, and in other cases they 
are calibrated to suit the mean temperature along the 
length of free rod, but neither of these methods of cali¬ 
bration seems to have been adopted in this case. Fig. 6b 
shows that the thermostat cut-off of the top tempera¬ 
ture was 170° F., and the temperature 18 in. down was 
approximately 160° F. It is possible that the apparently 
high thermostat cut-off in the former case is due to a 
phenomenon known as first-cycle peak, which is asso¬ 
ciated with long elements. 

The author does not mention the efficiency of water 
heaters as thermal-storage heaters; it is useful when 
comparing heaters to define an expression for storage 
efficiency. Storage efficiency may be defined as the 
ratio of the units that are stored in the water in a given 
size of water heater, to the total number of units that 
can be Stored in that water heater at a given tem¬ 
perature. 

Mr. F. W. Belt: Referring to the curves shown in 
Fig. 1, what is the main reason for the rapid increase 
in the number of water heaters installed in Great Britain 
since 1936 ? Is it (1) hire-purchase or hire schemes, 
(2) offering of special tariffs, or (3) improved designs ? 

When water heaters are to be sold in an area where 
there is a restricted-hour tariff (off from 2.0 p.m. to 
6.0 p.m.): (a) Would the author recommend the fitting 
of 3-gallon capacity heaters where 1^-gallon would 
normally suffice ? ( b ) If so, could the element loading 

in such heaters be standardized at, say, 750 watts? 

Mr. Bernard Carlton Robinson : I want to make 
a plea for an extension to that section of the paper which 
deals with installation practice. I suggest that a booklet 
might be prepared containing diagrams showing the best 
practice and the pitfalls to be avoided. Such a booklet 
should have the widest possible circulation. 

In my own experience I have met with the arrange¬ 
ment shown as “ C” in Fig. 10, and I agree that the 
alteration can easily be overlooked. In Cotswold houses 
one frequently finds a circulating “ loop " to an isolated 
bathroom, and this can be a source of unsatisfactory 
operation. 


Where a square storage tank is employed it is some¬ 
times found that the outlet pipe is taken not from the 
top but from a point about 2 in. down one side. This 
is very bad practice where an immersion heater is to be 
installed, as a considerable amount of hot water will 
have to be produced before any is drawn. The units 
expended on heating this water are, of course, entirely 
lost. 

Mr. W. Roberts : I am interested to note how closely 
the figures given in Table 8 agree with my own expe¬ 
rience. In an 8-room house I have had installed a 
30-gallon tank with a 3-kW thermostatically controlled 
heater. The household comprises five people, and we 
feed a wash-basin and bath, a kitchen sink, an outside 



Fig. A 

Momentary excitation of the right-hand coil closes the contacts and leaves them 
closed. Momentary excitation of the left-hand coil opens the contacts and leaves 
them oDen. 


wash-house, and three bedroom wash-basins. Accurate 
records show that throughout the summer and winter 
period over a year, the maximum and minimum weekly 
consumption figures were 109 and 64 units. 

The avoidance of peaks might be dealt with by a 
double-circuit contactor (see Fig. A) which would leave 
the hot-water supply connected until the. cooker was 
switched on. A change-over switch, admittedly, does 
the same duty, but leaves the consumers with the know¬ 
ledge that they are not getting water-heating at. certain 
periods, which might be regarded as an inconvenience. 

Although this is a point which does not affect the 
electrical circuit, the general efficiency of an installation 
would be improved by lagging the feed pipes between 
the kitchen boiler and the cylinder. In some installa¬ 
tions a run of 50 ft. between the boiler and the tank is 
encountered, and this undoubtedly is a source of great 
loss. 

Mr. A. Nichols Moore: Table A gives a comparison 
of the average installation costs to an undertaking for 
single-heat control and three-heat control in cases where 
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circulators are installed on the simple hire system in 
unlagged tanks, the wiring being carried out in lead- 
covered cable. This shows a saving of 5s. 7d. per 
installation in favour of single-heat control, which is an 
item to be considered when several hundreds of circulators 
are installed in a year. 

The 3-heat circulator does not appear to offer any 
outstanding advantages, for the following reasons. Con¬ 
sider first the case where the circulator is switched on 
" low ” (loading 750 watts). When the water is at the 
desired temperature, say 160° to 180° F., and a quantity 
of water is drawn off, the temperature of the water will 
not rise as it will be found that the dissipation of heat 
(losses caused by radiation and convection) is about 
equal to the input. Now consider the case where the 
circulator is switched on " medium ” (loading 1 500 
watts). No great advantage is to be gained from this 
control, as the loading is half full load and it will take 
approximately twice as long to heat up a given quantity 


Table A 



Single-heat control 

Three-heat control 

Materials 

£ s. d. 

1 16 9 

£ s. d. 

2 *2 4 

Labour .. 

14 10 

14 10 


2 117 

2 17 2 


of water; one might therefore just as well switch to 
high, thereby saving time. 

Ihe one advantage of medium heat is that it will give 
sufficient water for one bath if on for approximately 
hours. Ateo, . should the circulator be switched on 
igh to prepare a bath for someone coming in at a 
certain time, and the bath is not required until half an 
hour or so later, the “ low " switch is useful for retain¬ 
ing -ns temperature. Another advantage of 3-heat 
control which might possibly be considered is the ability 
to heat the water up to a predetermined temperature 
“ „ ? lgh „ P nor to retirin S for the night, and leave it 

w J Urmg the night ’ 30 that th e water will be 

hot fiist thing m the morning. 

I suggest that it should be the policy of a supply 

undertaking to charge consumers the extra sum involved 

O-hea control is desired, in the same way that some 

undertakings charge for additional benefits which can be 

obtained with other types of apparatus on hire, such 

eimostatic control on a standard hire cooker. 


as 


I should like to refer to a difficulty which was met 
with in connection with the installation of a 12-gallon 
thermal-storage heater in a hairdresser’s establishment, 
feeding 5 shampoo basins. It was found that there 
was an adequate supply when hot water was drawn 
off frequently and in small quantities; but if four or 
five shampoos were carried out in succession and there 
was a fairly long interval, say 30 to 40 minutes, before 
the next batch of customers required shampoos, the 
water was not nearly hot enough for this purpose. 
Apparently the hot water left in the tank, after that 
for the four or five shampoos has been drawn off, either 
mixes with the incoming cold water, thereby cooling the 
contents of the storage heater to such an extent as to 
render it useless for shampoo purposes (i.e. the recu¬ 
perative period of the tank is too long), or a form of 
internal turbulence takes place, the cold-water feed pipe 
being so near the bottom of the heater that the cold 
water rushing in impinges on the bottom of the tank 
and sweeps upwards at the side. It would appear that 
the only way to overcome this difficulty is by installing a 
thermal-storage heater of larger capacity (say, 20 gallons) 
than appears necessary for normal use. There would then 
be a sufficient residue of hot water to combat the trouble. 

The last question with which I should like to deal is 
the cause of the collapse of a hot-water cylinder in which 
an immersion heater had been installed. On making 
an inspection of the hot-water system it was found that 
there was a fairly long length of vent pipe in a horizontal 
position, and the theory put forward is that this vent 
pipe becomes a trap for the gases given off from the 
water during heating. When water is drawn from the 
tap this collection of gas or air is gradually drawn away, 
but in between draw-off periods the gases collect, and! 
should the water in the cylinder boil, the pressure from 
the steam thus formed exhausts the water from the 
cylinder up the cold feed pipe into the ball tank. When 
the pressure of steam in the cylinder falls, owing to the 
current being cut off, the return of cool water from the 
ball tank causes condensation and produces a vacuum. 
Then, if the cylinder is not strong enough to withstand 
the air pressure from outside, it will collapse. It is 
presumed that the cylinder collapse could be caused at 
any time, if sufficient heat were supplied from the back 
boiler; but as the immersion heater gives greater heat 
to the water the conditions become more apparent when 
it is in use. It would then appear that an installation 
of this sort should be provided with an adequate vent 
for the cylinder by installing a separate vertical pipe. 

[The author’s reply to this discussion will be found on 
page 50.] 


^ NORTH-WESTERN CENTRE, AT MANCHESTER, 3RD JANUARY, 1939 

unfortunate, because lonveys 'tht impression thafit SllVTJi ^ d ° mestic electrification,* in which I 
deals only with the conversion of existing systems and yearS Eg °’ 1 expreSSed the view that 

not with the application of electric water the most efficient manner of using electricity for the 

domestic requirements. The ultimate aim should he to P ro uctloa of domestic hot water was to employ storage 
provide a continuous supply of hot water- thifis uof l ieaters at points of utilization. That view I still 
mentioned specifically inthe paper although h ^ ' , In al practlce ’ ^wever, it is not necessary to 
verbal sundry the TI * *** * Point; usullly 

roceedings of the Incorporated Municipal Electrical Association, 1928, p. 1 G 1 
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two or more adjacent outlets maybe efficiently supplied 
from one heater. On the other hand, where there are 
long hot-water pipe-runs it is more satisfactory to provide 
independent heaters at the point of utilization. Inci¬ 
dentally, in a new installation this is the least expensive 
method. Where compact systems work in conjunction 
with fire-back boilers the existing hot-water cylinder may 
be satisfactorily replaced by an auxiliary storage heater. 

Installations employing factory-made heaters are, of 
course, rather costly; and unless the supply undertakers 
have a reasonably attractive hire scale available some o 
the less affluent consumers cannot adopt the most 
efficient system. Moreover, in the North of England, 
small modern houses possess very little accommodation 
for separate heaters; and in many cases do not require 
continuous hot water—either because of cost, or because 
of the winter use of a coal fire. To meet these require¬ 
ments for occasional use, a circulator-type immersion 
heater installed in the existing hot-water tank is useful, 
although not to be recommended in preference to the self- 
contained type. Circulators are inefficient as compared 
with storage heaters, even when lagging is employed. 
The circulator is not, therefore, suitable for the provision 
of a continuous hot-water service and should always be 
installed with hand controls, a thermostat being included 
-for safety. 

The variation in consumption of circulators is very con¬ 
siderable. In a limited number of cases examined, varia¬ 
tions were observed, from about 0-2 kWh to 16 kWh per 
day in different installations. The paper states that 
circulators are used principally in the summer months. 
in a number of cases, however, it has been found that 
greater use is made of circulators in winter. The charac¬ 
teristics of the circulator load are not well defined, but 
appear to be more akin to those of the radiator load than 

the storage-heater load. _ , . 

Load characteristics are very important. In this 
country, partly owing to the operation of a large number 
of undertakers, a comprehensive survey on the fines of 
that carried out in the United States is not practicable. 
Records that have been obtained, however, give results 
very s imil ar to those published in the N.E.L.A. Report. 
The latter should for a long time prove a very useful 

guide to those studying the subject. ... 

The author mentioned the great potentialities of the 
hot-water load in improving the load factor of an under¬ 
taking, and showed slides indicating that load control 
during peak times will improve the supply load-factor 
to a very much greater extent than is possible if the load 
is uncontrolled. Although the water-heater load has 
been developed so far without any attempt at control in 
this country, the term " quite satisfactorily should 
not, in my opinion, be used in this connection. Up to 
the present, undertakers have connected relatively few 
water heaters, and the effect is not yet pronounced. Only 
when water heaters are installed in much greater numbers 
will the effect be fully appreciated. I am convinced that 
ultimately the need for time control will be demonstrated. 
Approximately 35 % of the demand occurs during the 
time of maximum load on a system supplying mixed 
load, and where the load is primarily residential the 
effect may be even more pronounced. Future develop¬ 
ment, will, I consider, necessitate the provision of means 


enabling the system load-factor to be kept under control, 
and likewise the cost of electricity. 

A continuous domestic hot-water supply requires a 
large consumption of energy, and therefore the use of 
kitchen water heaters is to be recommended strongly. 
Nevertheless, according to information published on the 
Continent and in America, the consumption of electricity 
or gas for cooking is reduced in cases where electricity is 
used for water heating. Figures recently published re¬ 
garding the Winnipeg supply show that this reduction 
amounted to as much as 35 %. Where, however, a fu 
electric hot-water service is given, the value of t ie 
increased consumption far outweighs this disadvantage. 

(Communicated) Since the meeting, numerous re er- 
ences have been made in the technical Press to abnormal 
domestic-load peaks resulting from cold-weather con¬ 
ditions, and their effect on costs. These references have 
given added significance to the importance of load control 
for those items of load amenable to treatment. 

Mr. L. H. A. Carr: I strongly disagree with tie 
author’s remarks on page 3 where he states t la i wi 
take a 4-kW geyser 1 hour to heat enough wa er or a 
bath. Neglecting losses, 27 gallons of hot water would 
be supplied in this time, which is much more than is 
necessary. On making a test of my own bath recently, 
after drawing a normal amount, I found that the dept 
of water in the centre of the bath was 5- 8 - in.; after getting 
in I found that the level had risen to 8- s -m. l ie 
quantity of water was 11 ■ 2 gallons, which corresponds to 
a temperature-rise of 46 deg. F. when 3 kW is appie 
for half an hour, and this costs |d. when power is obtained 
at id. a unit. This amount of hot water, though no 
extravagant, is as much as is usually obtainable from the 
old coal-fired system in an average house, and it is 
spoiling our case to quote higher figures. In fact, latei 
on in the paper (page 7), the author himse quo us 

10 gallons for each hot bath! 

I think that the author makes too much of lagging. - 
hot cylinder cupboard has many advantages, while any 
heat which escapes from it is not wasted but helps o 
warm the bathroom, and also, to a small extent, the 
house generally; while the addition of lagging mus 
necessarily increase the first cost of the installation. 

On page 11 the author suggests that in a converted 
system the solid-fuel heating can be “ relied upon ” m 
the winter months. It is my experience that the electric 
water heater is just as useful, and used nearly as much, 
in the winter months as in the summer, since the kitchen 
fire, being used for other purposes in addition, does not 
give the quick replenishment of hot water which one has 
become used to in the summer, and consequently the 

electric heater is switched on again. 

The author states on page 10 that hand control is 
suitable for working-class consumers, but that more well- 
to-do consumers should be provided with lagged auto¬ 
matic systems. In my own house, however, experience 
has shown that hand control is perfectly satisfactory. 

Referring to Fig. 10, I would ask the author what 
modification is recommended where there is no storage 
cylinder, as was the case some years ago, and may be still, 
in the majority of houses on the North-East Coast. 

Mr. O. Howarth: The author’s second slide showed 
that the standing loss was less when the storage cylinder 



33 


TO DOMESTIC HOT-WATER SUPPLY SYSTEMS: DISCUSSION 


was used than when the water was drawn off. This 
applies particularly to the circulator type of heater where 
the lagging is not very good. Most of the electric water 
heaters installed in this district are of the circulator type. 

I should like to emphasize that one gets much better 
service from a water heater with a high loading than from 
one with a low loading. In houses where the water 
storage is insufficient for the requirements the service 
can be improved by increasing the loading. 

Another reason why there is much to be said for higher 
loadings is that when people hire a water heater they are 
influenced far more by the relatively higher charge for 
the larger sizes than they are by the amount of water 
which the salesman may think they are going to use, 
and they will tend to select a water heater which is too 
small if it is to work on the storage principle. So unless 
the loading is high the service is unsatisfactory, and ulti¬ 
mately the water heater may be thrown out. 

° n page 7 the author refers to a water heater which 
will: give three or four good hot baths during the day, 
provided there is a minimum interval between them of 
2 or 3 hours, dependent upon the exact sizes of heater and 
bath. A heater of this type will have a rating of I • 5 kW 
and a 12- to 15-gallon cylinder. The time can be reduced 
to 1 to 2 hours, however, by installing a 3-kW heater. 
There is no reason why supply undertakings should be 
diffident about connecting 3-kW water heaters, seeing 
that they cheerfully connect 6-kW cookers. 

Even with self-contained heaters more use might be 
made of the circulator, which has the advantage that the 
hot water collects at the top of the cylinder rather more 
rapidly, and there is also the benefit of the reduction of 
losses. 

Fig. 6b is interesting, because the design of a circulator 
is a matter which seems to receive very little attention, 
judging by the rather curious performance of some of the 
circulators offered to supply undertakings. Some of 
them only warm the water in the upper part of the 
cylinder, while some which warm the whole take a long 
time before any warm water can be drawn. It is neces¬ 
sary to get a good compromise between quick heating of 
the water at the top of the cylinder and a fairly even 
temperature down the length of the cylinder. Designers 
offer various arrangements, some even going so far as to 
have a special switching arrangement in order that the 
consumer may be given just the service that will be most 
suitable for him. I think it is better, however, to give a 

fairly good average service and offer the same facilities to 
all customers. 

On page 8 the author appears to suggest that cir¬ 
culators are usually hand-controlled and are without 
thermostats. I think most people lag their cylinders and 
fix thermostats, and it is the custom of my undertaking 
to fit a control switch also, so that hand and automatic 
control are provided. The advantage of incurring the 
small cost of lagging is very considerable, and it is sur¬ 
prising how much better a lagged cylinder performs when 
operated from a fire-back boiler. Lagging is an advantage 
° ( ?J V ^ en airin o is required, as in a linen cupboard. 

, 1 r ®& ar d to restricting the supply so as to improve 
lie load factor and thus be able to offer a lower price, 
we have built up the water-heating business without any 
restriction, and when consumers are making considerable 

Vol. 85. 


use of it because of its great convenience we can offer 
them time switches or other devices in order to help to 
level the load curve, with an appropriate reduction in 
costs. . With the ordinary usage of water, even if the 
price is reduced by about one-third, the saving will not 
as a rule pay for the necessary control apparatus. 

We are apt to overlook some of the many uses to which 
the ordinary wash-boiler can be put. It is an economical 
alternative to some of the hand-controlled unlagged high- 
price devices which are on the market. 

Mr. W. E. Swale: One can note from Table 2 the 
deplorable fact that 71 % of the families in this country 
are living on £250 a year or less. This has an intimate 
bearing on the development of electric water heating. 

With regard to lagging on the ordinary do m estic 
cylinder, 2 or 3 years ago I was a little doubtful, and 
did not want to suggest anything which would put up the 
cost. I am now quite convinced that we should use 
• the cost is small, and the benefits considerable. 
Many, people appreciate that a lagging jacket is doing 
good in the winter when they are not using the electric 
heater, and this is an extremely good selling point. 

The author makes out a good case for the water-heating 
load from the supply authorities’ point of view, but it is- 
not until practically the last sentence of the paper that 
he mentions the satisfaction of the user. I think more 
might have been made of this. In these parts we deal 
with a lot of poor people living under most distressing 
conditions of discomfort. It is a source of delight and 
satisfaction to them when, for the first time in their lives, 
they can have a reasonable supply of hot water. The 
appreciation value ” of electric water heating is 
probably greater than that of any other domestic service. 

In connection with the installing of electric water 
heaters, there is a point on which I should like the benefit 
of other engineers' experience. We have insisted, from 
the beginning, in putting in 3-4 ft. of asbestos-covered 
fireproof flexible between the circulator top and the 
junction box inside the cupboard. Where the back 
boiler works well the water in the cylinder approximates 
to boiling point for long periods. We have a feeling that 
if ordinary tough-rubber-sheathed cable is used in this 
situation it is liable to perish, and give trouble in years 
to come; the slight extra expense of running asbestos- 
covered flexible from the terminal to the circulator is 
probably justified. 

With regard to the wider aspect of the paper, I am a 
little disappointed that the author has not opened his 
heart to us a little more. Why, for example, has the 
curve of development risen so much more rapidly in this 
country than in France and Germany ? 

The main question is, how are we going to sell more 
water heaters ? In Manchester we sold about 2 300 in 
1938, and thought we were doing very well; but there is 
a potential sale of about 100 000 water heaters in 
Manchester, and we have not yet connected the first 
10 000. How are we going to get the remainder of the 
business ? By bringing down the hire charges ? If we 
do, is the electricity supply industry going to foot the 
bill ? Other industries have not allowed themselves to 
be burdened in that way. If the water-heating business 
is to achieve rapid development, and our load curves are 
to be substantially influenced, we may have to offer still 
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lower lake charges, and practically free installations. In 
that case we ought to consider, before starting, how t e 
cost is going to be met. 

Mr. A. C. Eden: I agree with Mr. Swale that, as 
regards existing properties, it is a problem to decide who 
shall pay for the water heaters which we deske to see 
installed. As regards new property, however, an effort 
should be made to get the builder or landlord to put the 

water-heating appliances in. 

Mr. A. R. Chorlton : With reference to the author s 

slide illustrating an immersion heater installed m a 
cylinder fitted with a calorifier, there is a distinct possi¬ 
bility of electrically heated water circulating through a 
domestic boiler to such an extent that if the thermostat 
is set at 165° F. it is doubtful whether it will ever switch 
off. A check-valve adjacent to the hot-water system in 
the radiator outlet should certainly be installed in order 
to prevent circulation. 

It appears to me that there is room for improvement 
In the design of electric water heaters, particularly the 
self-contained models. If the water connections could 
be made at the back of the I j-gallon model so that piping 
could be taken flush up the wall to -the wafer heater it 
would avoid the usually unsightly connection at an 
angle of 45° from the wall face to the centre of the water 
heater, which is usually some 6 in. away from the wall. 

Fig. 2 shows a marked increase in the number of water- 
heater connections made in this country during 1937, and 
it would be interesting if the author could relate these 
in any way with publicity and propaganda work done by 
the British Electrical Development Association. 

I .should like the author’s opinion as to whether the 
thermostat should be set and sealed at a temperature of 
165° F., since in some cases consumers are inclined to alter 

the setting to such an extent that at the end of the quarter 
complaints are received as to excessive consumption. 

Mr. W. Wallwork : On page 1 the author states 
that the usual allowance made in designing fuel-fired 
domestic hot-water systems is 40-50 gallons of water at 
150° F. for the day’s supply to an average small house. 
That figure is not realized in our experience around 
Manchester. 

Regarding the tinning of the containers of small 
heaters, a consideration which the .author takes into 
" account is that of the purity of the water for drinking 
purposes. Another consideration which is important, 
particularly in soft-water districts, is the presence of 
acid in the water. This acid will act on untinned con¬ 
tainers, shortening thek life considerably, and increasing 
maintenance charges. 

With regard to heat losses and the lagging of cylinders, 
we have some interesting figures actually taken on instal¬ 
lations in this district. In quite a number of cases the 
cylinder is not fixed in a cupboard, but in an exposed 
position in the bathroom or kitchen. If the cylinder is 
fixed near a wall with a northern aspect the losses are in 
the region of 1 000 watts, so that with a 2-kW circulator 
(which is fakly standard’), for every 2 units of electrical 
energy put into the cylinder 1 unit is lost. If, with effec¬ 
tive lagging, the loss c'an be reduced to the region of 
400 watts, the heating time will be reduced by one-third, 
irrespective of any reduction in electricity used. A 
further se lling point of electric water heating is that the 


jacket provided along with the heater improves hot- 
water supply when the domestic coal fire only is in use 
during the -winter. 

I disagree with Mr. L.. H. A. Carr when he deprecates 
the tendency of electricity supply authorities to reduce as 
far as possible the number of units used by consumers on 
thek water-heating installations. No other electrical 
service can be so expensive when misused, so that if the 
misuse can be kept to a minimum by attending to such 
matters as lagging and layout, there is more likelihood 
of rapid expansion in the future. 

Mr. G. H. Sammons : In this part of the country 
electricity supply engineers are fortunate because the 
water is suitable for heating by electricity. In other 
areas, however, it is almost impossible to use this type 
of apparatus, owing to the hardness of the water, and 
much more research will have to be carried out before die 
hire and maintenance of these heaters is a reasonable 
proposition. 

In the north of Lincolnshire the public water supply 
is pumped up from a chalk bed about 100 ft. below the 
surface, and of course the water is very hard. A curious 
condition was often observed when a circulator was. put 
into a hot-water tank. If the water was heated entirely 
by electricity and the fire-back boiler was not used, a 
certain -amount of scaling took place. If, however, the 
circulator was used and the water heated partly by 
electricity and partly by the fire-back boiler, the scaling 
was observed "to be much worse. I should like the author 
to give a possible explanation of this. 

Mr. Swale asks how we can sell more water heaters. 
All the plumbers in the town of Blackburn were invited 
to a comprehensive demonstration of practical examples 
of electric water heating, as it appeared obvious to us that 
no great strides would be made in this dkection without, 
the help of the plumbers. Further, builders are en¬ 
couraged to incorporate in new houses fittings that v ill 
facilitate the installation of water-heating appliances. It 
is a definite brake on development when newly completed 
houses have to be mutilated in order to install apparatus 
that should have been incorporated in the original design. 

Mr. H. A. Gray : I do not agree that “ the use of hot 
water depends primarily upon personal habit (page 2). 
Generally speaking, the use of hot water in the home and 
even in industry depends upon the cost; this is parti¬ 
cularly the case when the water is electrically heated. 
It is too frequently forgotten that electric water heating, 
when correctly installed, provides a solution to the heat- 
loss problem, which no other form of heating can do. 
The figures given in Table 1 do not go far enough; in 
private houses only about 5 % of wash hand basins use 
1-| gallons. 

The figure given on page 3 for the hot-water output 
of a 4-kW geyser is not accurate; assuming the efficiency 
given on page 2, the figure should be 9-4 gallon. 

One cannot agree that a British Standard Specification 
is about to be issued owing to designs having become 
stabilized. Surely the Specification has been prepared 
to limit the number of sizes for the three more general 
types and to prescribe the gauge of containers, fixing 
dimensions, pipe sizes, and loadings. The Specification 
gives tests -of minimum performance which would be 
demanded by the purchasing engineer in any event. 
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The majority of containers are not hot-dipped; quite 
50 % are made from rolled tinned sheets. Tinning may 
not be necessary in hard-water districts; it is essential in 
soft-water districts. In tests carried out by the late 
Prof. Delapine over 20 years ago, small animals were 
poisoned when continuously fed with soft water from 
plain copper tanks. 

It is not correct to state that all heaters larger than 
5 gallons are fed from ball-valve cisterns. In the North 
Midlands it is standard practice to connect all non¬ 
pressure heaters (with a non-return device) to the cold- 
water main; the water from these as well as from self- 
contained cisterndype heaters (made up to 30 gallons) is 
suitable for culinary purposes. 

Surely the principal factor governing the watts loading 
of a heater is the recovery period. A recovery period of 
40 to 60 minutes is satisfactory in the smaller types if they 
are of adequate water capacity. With time-switch- 
controllecl storage heaters 1 kW per 10 gallons will cope 
with the water maximum demand if the heaters are of 
adequate storage capacity. 

The section of the paper dealing with thermostats is 
incomplete. Research work which I have carried out 
proves that the design of the heating elements is of more 
importance than the differential of the thermostat. 

The heat losses given in Fig. 3 can only be correct for 
a. certain mean water temperature; an alteration in one 
of the factors just mentioned would vary the curve 
considerably. 

Small heaters can only be connected by means of a 
T-piece where a screwed-backplate tap is installed; there 
must be half a million houses without this type of tap. 
Restricting washers should not be allowed; an external 
adjustor not incorporated with the tap enables the heaters 
to be used in any area. The author’s statement in regard ' 
to the head of water required for cistern heaters is only 
■correct for the constant-volume type. 

■ The results obtained with the thermostats to which 
Fig. 6 b relates are entirely inadequate for the scores of 
thousands of post-War houses with small cylinders. I 
use two types of circulators which give a maximum 
Temperature-difference of only 22 deg. F. 

In regard to the figure given on page 9 for the reduc¬ 
tion in watts loss for lagging jackets, the author does not 
state the temperature at which the test was taken. At 
certain thermostat settings it is impossible to reduce the 
Avatts loss to 125, on a 36 in, x 14 in. cylinder. 

It is pleasing to note the stress the author places on 
the fact that the provision of an electric towel rail is more 
economical than omitting lagging on a cylinder. Such 
things, however, are expensive to purchase. I usually 
recommend a short length of tubular heating fixed in the 
airing or cylinder cupboard; but this cannot be used if 
the cupboard is packed A\ T ith loose cork, an undesirable 
recommendation. 

Mr. J. Lee : On page 3 the author states that the 
total number of self-contained heaters in use is greater 
than the number of immersion heaters; this is not 
typical of experience in this area. Of the last 460 instal¬ 
lations carried out by my company, 26 % were 0-5 gallon 
self-contained heaters and 74 % circulators. Possibly 
the high number of self-contained heaters in use is 
accounted for by the policy adopted by some supply 


authorities of suppljfing a 1|~ gallon self-contained storage 
tank as part of its cooker hire scheme. 

Regatding the question of heat losses, mentioned on 
page 5, I should have liked the author to have shown 
a cur ve giving the watts loss in respect of various tem¬ 
perature settings on the thermostat. In Lancashire a 
big proportion of the domestic hot-water cylinders are 
very limited in capacity, and consumers are tempted to 
set the circulator thermostat a little higher than is 
recommended; increasing this setting may be responsible 
for increasing the watts loss by as much as 25 %. On 
revierving 300-400 installations where a circulator has 
been fitted into the domestic hot-water cylinder I find 
that 20 % of the cylinders were of 12-gallon capacity and 
45 % of 20-gallon capacity. 

I am surprised to find that the author does not object 
to people drinking the water from a self-contained heater. 
One view of the interior of the tank and the deposit on 
the apparatus plate of such a heater after 12 months’ 
service on the mains of some rural water supply is 
sufficient to turn people away from this practice. 

I should have liked the author to have criticized in a 
constructive manner some of the automatic circulators 
available in the water-heating market. I have met some 
circulators where it has been impossible to put more than 
2 units of electricity into the domestic cylinders Avithout 
the thermostat operating and cutting off the supply. 

^ Mr. N. Ashton : There is in this part of the country a 
class of consumer requiring special attention—the occupier 
of the cottage type of property where there is no hot-water 
system installed. From the point of vieAv of such a con¬ 
sumer the installation of a cistern-type storage heater 
proves unsatisfactory, for the following reasons: (1) High 
initial cost of installation. (2) Failure to obtain small 
quantities of water in a short period of time. (3) Long 
recuperating period required for successive baths. 

There is a heater available which fulfils these require¬ 
ments, and it is designed along the lines of the Rolyatt 
cylinder. Has the author had any experience of this 
heater, and, if so, does he consider that it offers a solution 
to the above problem ? 

Mr. W. V. Butterfield: I should like to challenge 
the author’s remark that this subject is simple. I do 
not think it is, either from the point of view of the 
manufacturer or from that of the designer of the installa¬ 
tion. There are a multiplicity of problems to be con¬ 
sidered, some of which are not fully solved, such as the 
question of anti-drip devices and hard water; the latter 
problem does not arise in Manchester. 

The publication in America of the N.E.L.A. report 
has perhaps resulted in an undue orientation of the 
British outlook. It will probably be worth while for 
British supply authorities to consider doing some 
research similar to that done in America, in order to 
ascertain the effect of various loadings in water heaters. 

Mr. W. Fennell : Those who have to. deal with water 
heating should see first that there are no leaky taps or 
undeclared taps on the installation. A short time ago 
the owner of a large house reported that an excessive 
amount of electricity was being used for water heating. 

It was discovered that there was a tap in the house¬ 
keeper’s cupboard which had been leaking badly for 
several months, and possibty for years. When this was 
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dealt with, consumption returned to normal. One 
should also see that the draw-off pipes and the hot pipes 
are not in contact. Two copper pipes in contact will 
transfer a large amount of heat and reduce the efficiency 
of the installation. Another point is: use the plumber. 
He has access to all houses, and his views have con¬ 
siderable weight. It is good policy to employ him for 
the plumbing involved in the installation of electric 

-water heaters. _ _ T . , 

Mr. H. C. Crews ( communicated): No mention nas 

been made in the discussion of the contribution to the 
smoke abatement problem which the rapidly increasing 
use of electric water heating must be making. Fig. 1 
indicates that in this country nearly 400 000 coal or 
coke fires can now be shut down for long periods, if not 
entirely. Many of these are kitchen fires, which have 
previously consumed quite half the domestic coal pur¬ 
chased, and admittedly, in bulk, are the worst offenders 

against atmospheric purity. . ’ 

In these days of ready-cooked foods, tinned and other¬ 
wise, and now that so much domestic cooking is done 
by electricity or gas, numerous kitchen fires have become 
mainly very inefficient hot-water providers. In houses 
of £40-£50 rateable value where we have provided a 
1-kW kitchen fire as an alternative to the coal one, and 
adopted electric water heating, a saving averaging 10 tons 
of coal per annum has been effected. Summer electric 
fires in living-rooms have contributed to this saving, but 
electric water heating has been the largest factor. The 
small electric kitchen fire usually has a horizontal 
element which accommodates two medium-size pans tor 
minor warming and cooking, such as porridge, egg 
boiling, etc. A similar 1-kW element, but fixed verti¬ 
cally, in the same electric fire and switched separately, 
may be included for room heating when required. Most 
small kitchens, however, except at odd times, are too 
hot—particularly where gas is used for cooking. 

Continuous hot water is a pleasant luxury, but com¬ 
paratively few households can afford it. Self-contained 
lagged electric heaters of small capacity are quite reason¬ 
ably economical, and water drawn from them is safe 

for drinking and culinary purposes. 

Fig. 2 shows that there are over 150 000 immersion 
heaters installed in the United Kingdom; I hope that the 
majority of these are not merely single-wound circulators 
let into existing cylinders of ordinary house water 


systems; but such is, I fear, the inadequate apparatus 
which is being largely hired out to householders by the 
supply authorities, mainly as an “ easy . proposition. 
Supply engineers may hope to improve their load factors 
and outputs by this means, but soon the consumers 
wonder why the circulators boil, why the amount of 
hot bath water is inadequate, and why accounts are so 
very much higher. If thermostats are added, for an 
extra hire charge, they may stop boiling and cause some 
reduction in the electricity account, but hot baths wilj 
now be still more difficult to obtain. That many such 
primitive arrangements have needed improvement by 
the insertion of an extra immersion heater near the 
bottom of the cylinder is proof that the trouble exists 
and is serious. I feel sure that either a double-wound 
circulator such as is shown in the lower diagram of Fig. 7, 
or two ordinary immersion heaters, must as a minimum 
be used in all hot-water adaptations of this sort, it 
general and final satisfaction is to be given. 

The average, consumer does not need to have a u 
cylinder of hot water, with its attendant heavy radiation 
losses, available during 24 hours daily, and he will not 
ultimately pay .for such excessive consumption. A few 
gallons of hot water constantly available for basins an 
kitchen wash-up, with a full cylinder of hot bath water 
obtainable at 2-3 hours’ notice, is the best scheme for 
the average consumer, and the most he will genera y e 
able to afford in extra consumption of electricity. I 
therefore strongly support the plan of co ^™ ng .^ e 5“°" 
static control of a top heater (1 to 1-5 ■^ 
control of a bottom one (1-5 to 2 kW . With such 
system installed in a 15- to 20-gallon cylinder, a full hot 
bath can be obtained economically m 2 to 3 hours, 
according to the initial temperature of the cold water. 

A useful refinement is the double-wound immersion 
heater using series-parallel hand control for t e on * 
heater. This can be switched on as an occasional ea 
booster in cold weather, or, after a late-night bath, left 
more or less on (with the top heater) so that an early- 
morning hot bath is also obtainable. 

For cvlinders in linen cupboards, it is questionable 
whether'lagging is an advantage. Most housekeepers 
will object to temperature reduction in linen cupboards. 

[The author’s reply to this discussion will be found on 
page 50.] 


NORTHERN IRELAND SUB-CENTRE, 

Mr. F. Johnston : I should like to know the number 
of electric water heaters installed in Ireland and the 
relative numbers installed in Northern Ireland and Eire. 

The author states on page 3 that if the density^ of 
the heat transmission through the surface of the heating 
element can be reduced to 10 watts per sq. in. of surface, 
scal in g is slight. Is this figure of 10 watts per sq, m. 
measured on the surface of the tube containing the heating 
element, or at the surface of the heating element itself ? 

Regarding heat insulation, I should like to know 
. whether the author has had any experience of the use of 
glass wool, which is available for lagging purposes. 

On page 4 he uses the expression “recuperation 
period.” I am not quite clear what he means by this. 


AT BELFAST, 17TH JANUARY, 1939 


d should like him to explain the difference between 
recuperation period ” and charging period. 

Table 4 gives the number of pints of hot water used 
Lily in a household, but does not state the number of 
iople in the household. I should like to know _ e 
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Mr F- W. Parkinson: One important problem which, 
demands attention is that of the protection of the elec¬ 
trical connections between the switch controlling the 
heating element, the thermostat, and the element itself. 
Something should be done to produce a 3-heat switch 
in combination with a thermostat, or to protect properly 
the conductors passing between them. 
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The author mentioned the use of a gate valve for 
switching over from one source of heating to another. 
I am of opinion that valves on a domestic hot-water 
system are unsatisfactory and that their use should be 
discouraged. A domestic hot-water system should be 
entirely automatic. 

Mr. J. Finlay: The author’s first slide showed a 
12-gallon heater with two hot-water draw-off branches, 
one taken through the top and the other through the 
bottom of the heater; it would appear that the incoming 
cold water is likely to have a cooling effect on the hot 
supply drawn through the bottom of the heater. Would 
it not be a more efficient arrangement to draw all hot 
supplies through the top of the heater ? 

The arrangement shown in Fig. 10 is typical of the 
hot-water supply systems installed in a very large number 
of small houses, except that the " lazy ” pipe C is not 
fitted and the primary flow from the cast-iron boiler is 
connected to a higher position in the cylinder. As there 
is no room in these houses for separate local heaters, a 
very large field is available for the development of 
electric water heating by the introduction of a thermo¬ 
statically controlled circulator, as shown at D, provided 
a quick supply of hot water for washing and bathing 
can be obtained from cold in the early morning. For 
this purpose it may be necessary to have, in addition to 
the circulator, a hand-controlled immersion heater fitted 
near the top of the cylinder. 

Mr. H. C. MacEwan : On ships, increasing use is 
being made of electric water heating for providing sup¬ 
plies of domestic hot water. In recent years five coastal 
vessels have been built in which the whole of the domestic 
water-heating on board is carried out electrically, storage 
tanks of 300—400 gallons capacity with circulators of 
45 to 65 kW loading being fitted. These have proved 
successful over a period of 10 years. On board ship, 
electric water heating is applied principally with the 
object of eliminating long lengths of piping, and two 
kinds of water heaters are required: first, those to supply 
wash hand basins and baths in hospitals and other places 
remote from the centre of the vessel; and secondly, those 
for the supply of boiling water for tea-making and cook¬ 
ing. The first type are those described in the paper; the 
second are of the geyser type, designed to give boiling 
water only, thus preventing stewards from making tea 
with water which is not actually boiling. 

I am particularly interested in the self-descaling 
element, but do not quite understand the method of 
preventing scaling by making " the heating element so 
long and so thin and of such a shape that its expansion 
and contraction during heating and cooling is sufficient 
to fracture and throw off the deposit of scale.” More 
information on that point would be welcome. On ships 
it, is important that the heating element should be self- 
descaling and should be easily repairable in foreign 
ports. 

The author points out the difficulties of securing an 


even action of the thermostat. Is it not advisable to 
fit it horizontally ? 

Mr. E. N. Cunliffe : A distinctive feature of the water 
heating load and one which is not shared by most other 
types of load is the inherent thermal-storage effect, which 
enables the load current to be switched on or oil at will 
within certain limits without affecting the efficiency of 
the hot-water service. To distribution engineers this is 
a very welcome feature and promises to become a most 
useful means of raising the system load-factor. For 
instance, the author’s load curve for Basle indicates that 
the water-heating load during the night is very steady 
and is nearly as great as the ordinary domestic and 
industrial peak load during the day. 

This effect may be obtained by restricting the hours 
of use by local time-switch control or by remote carrier- 
current control from the power station, and other similar 
methods, all of which, however, have the disadvantage 
of imposing a restricted supply. On the other hand, it 
is common practice in Britain to give an unrestricted 
supply for water heating, and although this may be 
satisfactory from the consumer’s point of view, it does 
not enable a supply authority to make the best use of 
the possibilities of the water heater as a perfect load¬ 
levelling device. 

As a compromise between these two methods I suggest 
that a completely unrestricted supply be given but that 
the consumer be persuaded by financial inducement to 
use the apparatus mostly during times of light load on 
the undertaking. This could, perhaps, be attained by 
installing in series with the main meter an additional 
meter incorporating a time switch and designed so that 
it would record only those units used during certain 
predetermined intervals during the 24 hours. For each 
unit so recorded a discount could be allowed, and in fact 
the dials of the meter could be calibrated to show the 
discount in shillings and pence. Such an inducement 
would probably have the desired effect on the majority 
of consumers, who would in time become voluntary load- 
levellers for the undertaking. 

Mr. J. S. Scott: The author refers to the scaling 
difficulty, and the various methods of overcoming it. 
It occurs to me that if the heating element was mounted 
in a tube made like a Bourdon gauge it would expand 
and contract, thus shedding the scale. 

Mr. S. S. Galloway: Do anti-scaling devices stop the 
formation of scale, or just dislodge it so that it falls to 
the bottom of the heater ? Scaling takes place at a high 
temperature, and the only way to retard it is to keep 
the watts density on the element casing low. 

Is it not true that if a circulator is installed reaching 
below the fire-back boiler flow and return pipes on the 
hot-water cylinder, circulation through these pipes is 
likely to occur ? 

[The author’s reply to this discussion will be found on 
page 50.] 


NORTH-EASTERN CENTRE, AT NEWCASTLE, 23rd JANUARY, 1939 

Mr. F. D. Parker : I am somewhat disappointed with would have been more helpful if reference had been made 
the paper in that it does not add anything new to the to the comparative costs of different types of installations, 
information previously available. In my opinion it and to the application of other types of water heaters for 
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conversion purposes, e.g. flexible immersion heaters, 
external circulators, and tank belts—which are very 
useful in hard-water areas. 

It is correctly pointed out that two households equipped 
with similar hot-water systems may use very different 
quantities of hot water. Other factors which influence 
hot-water consumption, and therefore running costs, are 
varying sizes of hand-basins and baths, also heat losses 
and wastage. It is self-evident, therefore, that attempts 
should not be made to compute running costs to any 
considerable degree of accuracy for the purposes of 
furnishing consumers with estimates, as such figures 
might prove very misleading. For this reason separate 
metering of -water-heating apparatus would also appear 
advisable. 

I cannot agree with the author that in soft-water areas 
thermostats may be safely set to give draw-off tempera¬ 
tures of 190° F. In households with young children such 
a high temperature would seem dangerous from the point 
of view of scalding, apart from the possibility of cracking 
hand-basins. A draw-off temperature of 150°-160 Q F. is 
usually adequate, for general domestic requirements; 
with such a figure heat losses are reduced, and although 
there is a slight reduction in the actual heat stored this 
can be counterbalanced by increased capacity and load¬ 
ing. It would be interesting to know what thermostat 
settings and thermostat differentials the author would 
recommend for conversion installations operating in con¬ 
junction with fuel-heated boilers. 

The standardization of inlet and outlet sizes and fixing 
centres of wall-mounted storage heaters has: simplified 
installation and service -work, but I am uncertain whether 
the loadings of 12- to 30-gallon heaters as given in 
Table 3 are not too low, bearing in mind practical con¬ 
siderations. The average bathroom is relatively small 
and often there is no room for the accommodation of a 
20-gallon heater, whereas a 12-gallon size loaded at 
approximately 3 kW and controlled by a 3-heat switch 
would often suffice for the requirements. It seems some¬ 
what inconsistent to restrict storage-heater loadings to an 
absolute minimum and yet permit 3-kW heaters to be 
fitted to existing 20-gallon, circulating tanks. A better 
arrangement might be to restrict loadings: of immersion 
heaters, when fitted to large-capacity existing tanks, thus 
ensuring that the heaters are in almost constant opera¬ 
tion. Provided the consumer is advised of the heating 
capacity of the apparatus, no difficulty should arise. 

I agree with the author that a circulator having the 
bottom section of the draught tube cut away, as iilus.- 
trated in Fig.. 7, is a distinct improvement on previous 
tubes; also: that, for large tanks in. hard-water areas two 
horizontal immersion heaters, one fitted at the top of 
the tank and the other at the bottom, is. a satisfactory 
arrangement, as'maximum heat storage is obtained. One 
difficulty is, however, that the whole of the tank has to be 
drained for the fitting of replacements, whereas this is not 
the case when circulators are used. The thermostats, con¬ 
trolling the immersion heaters should also be mounted in 
the same plane as, the heaters and not above, otherwise a 
substantial amount of scale is apt to accumulate on a 
thermostat tube. 

I do not agree' with the fixing of immersion heaters in 
calorifier tanks, owing to the high heat losses usually 


experienced and the possibility of damage to the calorifier 
tnbes when the heaters are being fitted. If a heater is 
required then I would recommend a tank belt. 

In regard to electricity supplies to hotels, blocks of 
flats, and commercial premises generally, I am interested 
in the data given in Table 8 and especially in the hot- 
water requirements for shower baths. Has the author 
any further information in this respect, especially in 
relation to the type of showier fitments used ? Further 
details of the hot-water requirements for blocks of flats, 
both of the working-class and the luxury type, would 
also be welcome. For such buildings, hot-water supplies 
from a centralized storage chamber are generally cheaper 
and more economical than the use of separate storage 
heaters, energy being supplied during off-peak hours at a 
cheap rate. A good arrangement is to install two or 
three large storage tanks in different parts of the building, 
feeding a selected number of draw-off points. In this, 
way installation costs are often reduced, and any wastage 
on one section does not affect the other. For the control 
of electricity supplies to such installations the carrier- 
current S 3 ’stem offers many advantages over time-switch, 
control, owing to the uncertainty as to when the peak 
load may actually occur in many areas. 

Mr. P. Ward : From experience one can sense what the 
consumer’s hot-water requirements, realty are, instead of 
calculating it from the consumer’s own impressions and 
statement of the quantity of water used. Lavish users 
are inclined to under-state and careful users to over-state 
their requirements. Where actual requirements can be 
ascertained, quite remarkable results can be obtained. I 
know of a 1-kW heater in a 50-gallon cylinder, installed 
15 years ago, which has shown a regular consumption of 
over 7 000 units per annum, all off-peak. Incidentally, 
not a single service call has been necessary during the 
whole of that period. 

I agree with the figures given in Table 1, except those of 
25 gallons and 4-5 units per bath, which are too high. 
The average present-day bath only needs 3 to 3| units. 
Baths are shorter than they used to be, and have long 
sloping backs and semi-elliptical cross-sections, instead 
of practically square cross-sections. Moreover, regular 
bathers do not have a bath full of water. It is only the 
occasional luxury bath which is full. 

Turning to page 3, I consider that the statement that, 
certain types of elements crack off the scale by reason 
of expansion and contraction, is not very well, founded. It 
depends largely, of course, on the nature of the scale, and 
with some types of water there may be considerable 
crack-off. 

In my opinion hard water does impair the efficiency 
of electric water heaters, as more heat is conducted from 
the heat-locked element to the baseplate, and thus lost. 
Nevertheless, this amount of heat is not comparable with 
the increased losses due to scale on fuel-fired boilers. 

I consider the loadings shown in Table 3 to be higher 
than are really necessary. We use loadings equal to only 
two-thirds of those mentioned. Our heaters, however, 
have three element pockets, of which only two are- 
normally used. The third element is added when neces¬ 
sary, but such cases are rare. 

As regards the author’s remarks under the heading 
"Thermostat,” I would mention that we keep our 
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thermostat settings down to 160° F. in hard-water 
areas. 

Attention should be drawn to the error, often made 
in calculating heat losses at maximum temperature,, of 
overlooking the fact of temperature gradation and re¬ 
cuperation periods.. During the latter time, a large 
proportion of the cylinder contents are at temperatures 
much, below the maximum.., 

In this area the water authorities do not allow the 
fixing of feed tanks in the roof., Such tanks must be 
below the ceiling level, and this reduces the: available 
head, and often presents difficulties, in bathrooms. Do 
the author’s remarks, on pressure-type heaters (page 5) 
mean that safety valves are definitely prohibited ? I am 
not aware that this is so, but I agree that they are 
undesirable, and I never use them. 

The kilowatt-hour figure given in Table 4 is confirmed 
by readings, which we took on a series of heaters in 1928, 
when the average for sink, heaters was found to be 2 • G 
units per day. 

The designing of a good anti-drip device still presents a 
problem. The sliding sleeve shown in Fig. 5 is; new to 
me. It seems as though it should be satisfactory in soft- 
water areas,, but. I should be doubtful about it in hard- 
water areas. 

Referring to the remarks at the bottom of col. 2, 
page 7, I prefer to fit thermostats at the top. of the 
cylinder so as to be in that part of the water which is the 
first to be drawn off, but they should not be in the same 
vertical plane as the heater. 

In cases where two elements are fixed in the manner 
suggested on page 9', there is not much chance- of the 
upper element cracking off its scale due to any possible- 
expansion and contraction, as it is always surrounded 
by hot water rising from the lower element;, and it will be 
the first to fail in hard-water areas;. 

In selecting the position for the. water heater, losses 
from the expansion pipe should not be overlooked. This, 
pipe contains the hottest water for the longest, periods., 
and even though internal circulation may be reduced by 
some-form of heat trap-,, conduction losses- are still, high. 

I do; not agree with putting a. heater into, a eaiorifier 
(see page 13). Losses by circulation round the heating 
coil and boiler and also by conduction to the metalwork 
of the radiator system are very considerable. 

Were the consumption figures for clubs, given in 
Table 7, obtained from actual experience, or were: they 
estimated ? I have no figures to check them with, but 
they seem to me- to be high. 

Turning, to page 17, I would point out that actually 
there is not. a great, deal of: diversity in bathing times:- 
the majority of baths are; taken late at night., If: geyser- 
type heaters were used, the average running; time for a 
bath would probably be 20 minutes, so that, there: would 
not; be a greater diversity than 3. 

Change-over switches are very undesirable-. The times, 
when cooking is heaviest are also, generally speaking. 


Mr. W. Cross.: Very little is said in the paper regard¬ 
ing the attitude of the user. I believe that the user does 
not worry to any great extent about efficiency, but that 
“ electric hot-water ” has been put in in very many cases 
because of its availability at all times, particularly in the 
early mornings. 

I suggest that, from the user’s point of view, with some 
fyp es of heaters the period of the heating is somewhat 
long. This can, I believe, be got over by putting an 
additional heater on the water boiler under hand’ control; 
but would it not be better to increase the loading on the 
standard water heater, so- as to, reduce a 4-hour recover]? 
period to, say, 3 hours ? 

I suggest that the diversity in time of use of the heaters 
would be such that increasing the loading of heaters 
by 50 %. would have a very small effect on the maxi¬ 
mum load of the system. In the mornings some people 
start their water heating at 6, others, as late as 9. In 
the evening: the maximum load may occur as early as 6 
if there are children, and in other cases at any hour from 
6 to midnight. I therefore think that from the user’s 
point of view it may be- useful to consider whether the 
loading of water heaters should not be- increased. 

Mr. E. C. Lennox: One outstanding feature which is 
made evident by the paper is the- great diversity in the 
use of hot water in different homes. There is, no rule- 
of-thumb method which can be- used for assessing- the 
requirements of various, houses, but the consumption of 
hot water must depend upon several factors: First,, the 
income of the house; secondly, the number of persons 
normally living in the house; thirdly, the habits, of those 
persons (number of baths per week, and so on); fourthly, 
the- layout of the hot-water system. Perhaps a fifth 
factor can be considered—whether or not the household 
has a-domestic servant; domestic servants are frequently 
wasteful of electrically heated water. Electric water 
heating is successful because of its high running efficiency,, 
and it is therefore for the specialist to ensure that 
only apparatus suited to- the- particular household is 
installed. 

It would be- a pity if the reader were left under the 
impression, as indicated on page 1, that north of the 
Trent hard water is scarcely known. Hard water is 
supplied from wells to- South Shields and Sunderland, 
and I believe the hardest in the, country is at West. 
Hartlepool. Whether the water is hard or soft, is not 
190 p F.. too-high a draw-off temperature? Such a figure 
surely means: high losses, less efficiency (due to heavier 
pipe losses), and a temperature which is too high for 
normal use. I note that the: author calculates most of 
his efficiencies on the assumption of a draw-off. tem¬ 
perature- of 150° F., 

I am of the opinion that builders should be induced 
to lag all hot-water cylinders in. new houses, whether or 
not electric water heaters are to be installed in the first 
instance, having in mind the fact that, it will be; a step 
towards the introduction of the electric water heater at a, 
later date. Further, if, a standard form of flange could: 


those when the hot-water demand is heaviest,, e.g„ when 
guests: are. being entertained. Some type of carrier- 
current control, as referred to. on page 19-„ offers- the most 
likely solution theoretically,, but it is costly mod-ess the; 
number of water heaters connected out any one- network 
is large. 


be fitted to circulating cylinders in new houses an im¬ 
portant step would have- been taken in the. introduction 
of electric immersion heaters; 

Coal, fuel as- an alternative must be cheap; to. allow for 
the losses attending the coakfiredi fire-back, boiler type of 
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hot-water apparatus, not only from unlagged storage 
cylinders but also in the stoldng of the fire. The cheap¬ 
ness of coal for this purpose is surely a fallacy; how often 
has one seen coal fires being blazed away merely to heat 
the water boiler at the back ? 

Water heating is looked upon by many as one of the 
last uses of electricity to be considered in the develop¬ 
ment of the all-electric home, whereas it should be one 
of the first. I should hesitate to agree with the author 
(page 17) that it is “ the best of all domestic applications 
of electricity.” It is certain that the installation of 
electric water heating, if only for summer use, obviating 
as it does the need for the kitchen fire during the summer 
time, is quickly followed by the installation of an electric 
cooker. With an efficiency of 93-5 % (page 5), which 
is much higher than that of competitive equipment, and, 
moreover, can be maintained in comparison with other 
types of water heating equipment, electric water heating 
at the normal price obtaining throughout the country 
becomes an economic proposition for the majority of 
households. 

I think the paper could have been very usefully en¬ 
larged by the inclusion of efficiency figures for the more 
common types of competitive installations—coal fires, gas 
heating, and so on. Such information could not help but 
be useful to the man who has to make contact with the 
consumer. Reference might also have been made to 
band- or belt-type heaters, which have relatively high 
efficiencies and have the additional benefit of being easily 
fitted, and easily removed. 

One salient feature of the electric water-heating load is 
its value as a means of filling up the valleys in the normal 
load-curves of supply authorities. It is also capable of 
being controlled so as to avoid its use at peak-load times, 
and this can be arranged without affecting the efficiency 
of the system installed. Unfortunately the cost of such 
a system of carrier-current control could not be met solely 
for the purpose of controlling water heating, and if supply 
authorities wish to control water heating by this method 
consideration must be given to the switching of street 
lighting, A.R.P. signalling, and so on, so as to obtain 
from these other uses their share of the capital com¬ 
mitments. 

Mr. K. Patton : One of the author’s slides showed a 
circulator fixed below the level of the cold feed and flow 
pipe from the boiler. I have found that it is better to 
have the bottom of the circulator pointing away from 
these pipes. If it is fixed as the slide suggests, circulation 
is apt to be set up in the boiler pipes. 

The author also showed a calorifier fitted with a 
circulator; the only way in which we have been able to 
overcome the numerous difficulties of this type of installa¬ 
tion is by employing an outside circulator with bosses 
fitted to the external cylinder. 

As regards the complaints which are sometimes made 
about the plumbing work in connection with electric 
water heating, in numerous cases this can be traced to 
the manufacturers not standardizing their tappings for 
inlet and outlet connections. 

In this district many copper cylinders are fixed having 
a total capacity of 20 gallons, and when a circulator is 
fitted these barely give 15 gallons of water at 150° F. 
Care should therefore be exercised when advising the 


installation of a circulator. Many people are under the 
impression that the system will heat water as quickly as 
it is drawn off. 

Regarding hotel installations, many of these have 
secondary circulations and are therefore not suitable for 
electric water heating. I think the only method of 
overcoming this difficulty would be to fit a pressure release 
valve to the secondary flow and have this wired so as to 
keep the temperature below the pressure setting on the 
valve. An extra circulator could be fitted and brought 
into use in the early morning, thereby lifting the valve 
and allowing the installation to work normally. 

I have been asked on numerous occasions " Why is our 
consumption so heavy?” In quite a few cases excessive 
consumption is caused by reversed circulation, the 
cylinder in which the circulator is fixed becoming the 
boiler, and the boiler already in the fireplace becoming a 
cylinder. This often occurs in flats and bungalows and 
is caused by the plumbing installation being somewhat 
out of the ordinary. In such instances I would advise a 
check-up of the system before passing any comments on 
consumption figures. The only effective way to cure this 
trouble is by fixing a vertical non-return valve to the flow 
pipe from the boiler, at a point adjacent to this. 

Mr. J. Eden: There are always three primary con¬ 
siderations to be settled before it can be claimed that the 
electrical water-heating system will be completely satis¬ 
factory, and they are (1) the effects that extensive 
development will have on the supplier, (2) the design of 
the installation, and (3) the cost to the user. The supplier 
has to consider the all-important question of diversity, 
because it is on this question only that a decision to 
proceed with large-scale development depends. Con¬ 
ditions will vary for each individual district, and in 
contrast are two districts—one comprising a London 
suburb and the other a typical mid-Tyne district. In one 
the demand is that of a dormitory area, whereas in the 
other conditions are representative of a normal industrial 
area, in consequence of which there is likely to be a large 
demand created in the middle of the day because a large 
proportion of the workers go home at approximately the 
same time for a midday meal. The problem is one for 
each local supply authority, but I know that some have 
reduced their difficulties by installing heaters with a total 
loading less than that suggested in the latest E.D.A. 
recommendations, with the result that the load is spread 
over a longer period. 

The running cost, generally, will be the first considera¬ 
tion of the user, and by the creation of special tariffs for 
this service it is not difficult to make out a sound case for 
electric water heating. But equally important with 
the establishment of a low cost is the ability to decide 
accurately the requirements of the user, to provide the 
most satisfactory arrangement, and to educate the user 
with respect to its use. In this connection, the author 
indicates that one of the most extensively used heaters is 
the Ij-gallon displacement type fitted immediately above 
the kitchen sink. I appreciate that this type is preferred 
in this position probably because the first cost is low, but 
I feel that the first cost for the provision of an expansion 
pipe fitted to a pressure-type heater would soon be re¬ 
covered through the saving that would be possible on 
account of the absence of the loss after each shut-off. 
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clue to the action of the siphon in the displacement-type 
heater. 

On page l it is suggested that in soft-water districts 
copper containers should be used, whereas it would be 
quite satisfactory to provide iron tanks in the hard-water 
districts. There can be no general rule based on the 
hardness factor of the water, and it is interesting to 
record that, in contradiction of the author’s suggestion, 
in a hard-water district over a period of 5 to 15 years 
more than 250 iron tanks corroded and had to be re¬ 
placed ; whereas in a comparatively soft-water district 
similar iron tanks installed at the same time are still 
giving satisfactory service. 

Nor can there be any general rule in regard to the 
temperature at which an electric heater can operate in a 
hard-water district, for once a temperature has been 
reached when scaling will commence, although the rate of 
precipitation may be low it will be progressive. In this 
connection it is interesting to record that in a hard-water 
district in the Ipswich area the precipitation is 25 % at 
120 I H . and 50 % at 140° F., and at Reading the deposit 
is 11% at 120° F. and 33% at 140° F. The main 
problem is the form the deposit will assume; in this 
particular district we have to contend with a very solid, 
hard lime deposit which is difficult to remove, whereas in 
the Reading area the scale is of eggshell thickness and is 
due to the action of free chlorides. 

I mention this latter point because the author states 
that chlorination tends to reduce the amount of scale. 
(Jnfoi tunately, however, the scale which is produced is 
one of the worst types it is possible to produce on an 
electric immersion heater, or, for that matter, on any 
container which is transmitting heat from the inside to 
water surrounding it. I feel that it is not so much a 
question of providing anti-scale devices as of preventing 
adhesion of the scale to the surface of the container tube, 
and I should like to ask the author whether he is aware of 
any means of achieving this result without the addition 
of salts or chemicals which could not be permitted in 
domestic systems. For my part, I have recently been 
associated with an investigation which has provided every 
indication that it is not impossible to prevent a parti¬ 
cularly difficult type of scale from adhering, and I am 
very hopeful that the scheme will be commercially 
practicable. 

On page 3 it is suggested that the necessity for 
tinning is a debatable point. Tinning initially was 
intended to prevent the contamination of the water, but 
I think that experience has proved that the tinning 
serves also another very valuable purpose, for as long as 
the tinning is sound there will be no corrosion of the 
copper, which would be possible otherwise owing to the 
presence of active chemicals in the deposit. I therefore 
feel that it is still imperative that the copper components 
m the domestic electric water heaters should be " dip ” 
tinned in accordance with the original requirements. 

I am at a loss to appreciate the value of Fig. 3, from 
which it is possible to obtain one efficiency value for a 
l^-gallon water heater of 99 %, which is improbable. I 
suggest that the whole question of efficiency is bound up 
with the type of system to which the heater is connected. 

I cannot attach any useful value to the curves shown 
in Fig. 9, because the conditions determining the efficiency 
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will be constantly varying and the true heat-loss curve at 
any time will be asymptotic to the curve of room tem¬ 
perature and can be represented by the condition 

loge — — T - 2 = - Kt 

Ti-t 2 

wheie K is the ratio of the heat content to the coo lin g 
surface, r 2 is the room temperature, r x the initial water 
temperature, and r the water temperature after time t. 
The same relationship exists between the heating element 
and the water heater, but in this case the factor K will 
vary considerably with the scale. 

I suggest that there are simpler (and equally effective) 
arrangements for controlling the supply to domestic 
electric water heaters than the remote control system 
mentioned by the author; one satisfactory system that 
has provided the desired result uses a relay installed on 
the consumer’s premises to record the total lighting and 
power load connected at any instant and to disconnect 
automatically the water-heating load when the sum total 
of all the other loads has reached a predetermined value. 
The arrangement has the advantage that the additional 
capital cost is small and the individual requirements of 
each consumer can be taken into consideration so that 
the greatest possible benefit can be ensured to the 
supplier. 

The author does not mention a market which, I feel, 
has great possibilities, and that is the provision of hot- 
water services in hotels, boarding houses, and the like. 
At the present time many of the owners of these premises 
are having to consider the addition of a hot-water service, 
and because of the rambling nature of some of the 
property the best results can be obtained by having the 
heater at the point where the hot water is required. Very 
satisfactory results have been obtained with a wash-basin 
which embodies a storage heater below the basin in a 
pedestal. Installation costs are low, since only a cold- 
water feed requires to be brought to each wash-basin. 

Mr. N. T. Smith: I am sorry that the author does not 
deal more fully with the belt type of heater. I find that 
the average self-contained heater is too expensive in 
installation for the average consumer, who is more 
interested in conversion systems. In the hard-water 
districts the belt type of heater, with its easy fixing and 
removal, no special plumbing, and no corrosion, offers 
many advantages over the immersion type. The effi¬ 
ciency is comparable with that of the immersion type, and 
as the belt has a larger area of heating contact with a low 
heat density a higher loading with quicker heating may 
be adopted. 

My experience of the sheath-type withdrawable element 
is that, owing to continual flexing, it is sometimes im¬ 
possible to withdraw the element. 

I have found that in the hard-water districts scale forms 
at a temperature as low as 130° F., and I would suggest 
that the cold-water baffle in self-contained heaters should 
be fixed as close as possible to the element, as the c hillin g 
effect tends to cause descaling. 

I have found the consumption of the cistern type of 
water heater to be unduly high in comparison with that 
of the semi-pressure type, possibly owing to insufficient 
lagging between the tank and the heater, and I should be 
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every installation where electricity is to be used for pom . 

"SSi sometimes have to offer of water heaters [The anthcfs reply to this discussion will be found on 
is that the elements are not withdrawable without dis- page SO.] 

SOUTH MIDLAND CENTRE, AT BIRMINGHAM, 6TH FEBRUARY, 1939 
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Mr. A. Maiiighetti : I am surprised to find that the 
author makes no: mention of porcelain and glass water 
containers, as Continental practice is swinging over to the 
use of these. One cannot fail to be attracted to the u^ 
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of such materials as glass or porcelain, which are 100 
hygienic, for the manufacture of hot-water containers, 
used for drinking and culinary purposes. Moreover, a 
glass container is everlasting, very easily cleaned and 
quite free from corrosion by any type of water. ias 
been suggested that there are constructional difficulties 
associated with the use of glass, e.g. the making_ of an 
effective glass-to-metal joint. One manufacturer m th 
country has produced a unit embodying a Pyrex-glass 
interior, and after investigation of this' I feel satisfied 
that a sound and efficient seal can be designed It may 
be of interest to explain the method. The rim of the con¬ 
tainer has a ground surface, and on this rim a Dermatme 
washer of U section is tightly fitted. Clamps of special 
design, which ensure the application of even pressuie, 
secure the container to the base ring, and the baseplate is 
secured to the ring by studs in the usual manner. ^ 

The flow pipe, the most vulnerable part as regards lur 
deposit, is detachable, and also made of glass. It appears 
that in this design a considerable reduction is obtained 
in the area of metal liable to scaling, and I should 
appreciate the author’s views on heaters of this type. 

Captain J. Coxon: On page 12 the author refers to 
the necessity of preventing heat losses via the expansion 
pipe, and suggests a heat trap- formed by using a hori¬ 
zontal pipe at the top of the- cylinder not less than 1 ft 
long. In practice. I find that this arrangement is no 
satisfactory. With a f-im copper pipe the hot water con¬ 
tinues to circulate up the expansion pipe to the water 
level. .Should not the pipe be dipped instead of being 

horizontal? 1 _ . ,, 

Secondly, the. author suggests for quick heating the. 

addition of a. second heating element, hand-controlled, by 
a separate switch; I feel that this arrangement would not 
be satisfactory in practice, as the second element is 
liable to be. left “ on,” resulting in excessive consumption 
and, possibly, boiling. If a second element is provided 
it should also be thermostatically controlled. _ 

Thirdly, Fig'- 11 shows a domestic fuel bodei and 
circulator* working in conjunction with electric water 
heaters, the feed to the latter being taken from the 
expansion pipe of the circulator. With this arrangement 
there appears a risk —if no water is-being drawn oft that 
the water in the electric heaters will cool and the thermo¬ 
stats, close the circuits, although there may be ample hot 
water in the fuel boiler and circulator. Can the author 

suggest how this loss may be avoided ? 

Prof. W. Cramp: In Fig. 3 the author shows, an 
important relationship, which, however, is incomplete on 
account of the absence of the ambient temperature upon 


which the curve must depend. I hope that he will give 
this in- his reply. He favours almost exclusively the 
adoption of granulated cork as lagging for domestic tanks. 
He even advises its use around rectangular tanks m 
wooden drying cupboards. I disagree, because such cork 
is dusty, is apt. to form a breeding place for insects, pi one 
to solidification where any vibration exists, and exceed¬ 
ingly inconvenient when any repair to the tank is needed.. 
Cushions containing slag wool or asbestos flock are cleaner 
and more easily removed; but better still is the use of 
sheets of crinkled metal foil, winch are. cheap, light, clean, 
and very easy to install.. For a given lagging space they 
will bear comparison with any other system. For granu¬ 
lated cork 3 in. thick the author gives a loss of 4 wattsper 
sq ft. for a temperature-difference of 60 deg. b. _ The 
corresponding figure for the: same thickness of crinkled 
foil, deduced from the N.P.L. tests on Alfol, is just 
over 3 watts per sq. ft., and the cost of the material is on y 

about Q4d.. per sq. ft. ’ . , 

Again, too- little stress is laid upon the importance- of 

pipe losses, especially in old houses, where often the hot 
tank is a long way from the taps and constructional 
alterations would be very expensive. In one instance, I 
found that lagging such pipes increased the maximum 
temperature attainable from a coal-fired system by no 

less than 20- deg, F. , . . „ 

Finally, the author barely mentions the. use of a 

electric circulator external to the tank, which often is 
more convenient than an immersion heater. Would he 
kindly give his opinion of this arrangement ? . 

Mr, E. T. F, Onley: I have noticed that m many of 
the houses which are now being built the hot-water tank 
is placed in the corner formed by two adjacent walls of the 
bathroom, thus making it practically impossible to place 
an effective lagging on these two sides of the tank shou 
the purchaser later on decide to fit an immersion heater. 
I have suggested to several builders the desirability of so 
placing the tank and, if necessary,, slightly increasing the 
dimensions of the airing cupboard, that there is a space- 
of about 2, in. at the top and bottom and around the four 
sides of the tank to allow room for fitting an efficient 
form of lagging; and I am glad to say the suggestion has 

generally been well received. 

I would also suggest that it. would be an-, advantage it 
the builders; could be educated to lag the pipes from the 
tank to the hot-water taps, because with the normal inter¬ 
mittent use-the hot water left in the pipe represents a heat 
loss which.is a fairly large percentage compared with the 
heat content of the water drawn off for use. . , 

With regard to the question of thermostatic conti o 
versus hand control, I favour a combination of the two, 
especially for an immersion heater which is being fitted 
to an existing domestic hat-water system, where it is 
sometimes difficult to fit highly efficient lagging without 
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slight structural alterations, the cost or nuisance of 
which may prove a deciding factor militating against the 
installation of an immersion heater. In my own home-1 
found that by switching the heater off overnight the 
average daily consumption (three in family) was reduced 
from 15 • 5 to 12 units, which at 0 ■ 5d. per unit represents 
an annual saving of £2 12s. 

Mr. J. M, Hollander: My own view is that the 
question of providing a cheap and abundant supply of 
hot water for houses is by no means solved, and I am"not 
satisfied that concentrating on relatively small storage 
heaters or installing immersion heaters in tanks, is what 
is required. I am sorry to note that the electric geyser 
is condemned in the paper, and I should like to have a 
little further information on this subject. I understand 
that electric geysers have been rejected by several supply 
authorities, more on the grounds of peak-load problems 
than in consequence of any inherent defects. 

As regards, the difficulty of waste due to the delin¬ 
quencies of the domestic staff when hand control is 
installed, I get. over this by putting in a 2-way control, 
one switch in the bathroom and the other in the scullery, 
with pilot lights. 

So far as the general question of the water-heating load 
is concerned I feel that the supply undertakings have 
made the best of a bad job. They want to encourage 
the water-heating load, yet they are rather afraid to do 
so in a wholehearted manner because of what it might 
mean to their maximum demand. Possibly the more 
general adoption of 3-phase supplies to domestic premises 
might help considerably. If, instead of a single immer¬ 
sion heater or circulator of a rating up to 3 kW, three 
such heateis were installed, connected between each 
phase and neutral, the recovery period between successive 
draw-offs of considerable quantities of hot water would 
be so reduced as to make all-electric water heating a 
convenient and economic proposition. 

Mr. W. Rendell-Baker: In 1932 the company I am 
associated with started to study this problem of how to 
give an ordinary’’ householder a constant supply of hot 
water at a price he could afford to pay—something which 
he had never had before. The major portion of our area 
is served with hard water, and so we designed an appa¬ 
ratus plate which would keep the element well away from, 
the thermostat, thus keeping the maintenance costs down. 
We also noted that many thousands of our consumers 
obtained their hot water from the back-boiler, which was 
not available in. the summer; so we concentrated on 
that type of installation. W e were able to meet normal 
requirements using I-kW loading and a suitable apparatus 
plate that can be bolted on to the side or the top of the 
hot-water tank, with an adaptor which can be made to 
fi t either a round or a rectangular tank, and to take one or 
.two elements according to the load. The. thermostat is 
set down to 150° F., and the conversion costs the company 
about £5. The cost to the consumer, averaged over 
750' installations, is 1 590 units per annum, or Is. 8d. per 
week. For this we give constant hot water at all taps. 
We have installed several thousands of these units since 
1932, and, apart from the cost of attention to sticking 
thermostats, we have had no maintenance charges. The 
demand is increasing as the public gets to know that this 
service is available, and we find that we can sell about six 


installations of this type to one self-contained heater. 
The only difficulty which may be met with is that of 
circulation in the pipes. When there is any doubt as to 
whether the immersion heater is functioning properly, a 
recording voltmeter should be connected across the ele¬ 
ments, and on examining the chart one can tell quickly 
and definitely whether circulation is taking place. If it is, 
the thermostat will operate every 2 hours d urin g the 
night, whereas it should only operate every 5 or 6 hours. 

Mr. J. H. Fella: I would draw attention to the 
recently-issued B.S.S. No, 816—1938, which stipulates 
that the temperature of terminals to which insulated 
cables may be connected should not exceed 170° F. 
Fig. 6 b shows that with conventional circulators the 
temperature of the water at the top may rise to over 
200° F. with a normal thermostat setting. As the 
terminal temperature will approximate to this figure, am 
I right in concluding that this type of apparatus does not. 
comply with B.S.S. No. 816? 

I am sorry to see that the author condemns two types 
of heater the gej’ser and the self-contained automatic 
immersion heater. He remai'ks that a 4-kW gevser 
would be useless, for heating a bath; but so would a 
1-l-gallon storage heater. Would not a 4-kW geyser have 
useful application in the same situations as the H-gallon 
storage heater ? From the supply authorities’ point of 
view the geyser is not so desirable because of its larger 
loading, but it offers an attractive selling point in that 
there are no standing losses, and the quantity of water 
given would not be unreasonable for wash-basin or 
kitchen use. 

With reference to thermostatic control of immersion 
heaters, the author states that " more certain action is 
usually obtained if the thermostat is fitted some distance 
—6 in. or more—away. . . I am not quite clear what 
he means by “ more certain action.” I have tested self- 
contained heaters of the tubular sheathed-wire type 
having a thermostat mounted between the elements, 
allowing free water circulation round it, and on the basis 
of these tests the cut-out temperature appears to differ 
very little from that obtained by mounting the thermo¬ 
stat 6 in. away.. I would suggest that this small dif¬ 
ference is of little importance compared with the lower 
cost, smaller installation, and more convenient arrange¬ 
ment offered by the self-contained heater. 

Mr. J. A. C. King: Has the possibility of using 
something on the lines of the electrode boiler been con¬ 
sidered for domestic water-heating where there is hard 
water ? The electrode boiler needs a certain amount of 
salt in solution to make it function. 

I do not see any mention in the paper of external 
circulators for attaching to existing installations, I have 
come across calorifiers which,, instead of having a coil to 
contain the water from the primary heater, use a cylinder 
whose capacity may be half that of the main cylinder. 

It would be difficult to fit an internal circulator to such a 
calorifier, and the only solution would be an external 
circulator. 

Turning to the subject of tariff reductions for water 
heating done at night, I suggest that, especially in new 
houses,, a slightly larger tank might be installed with 
fairly heavily loaded elements set to raise the water 
temperature to something very close to boiling point 
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during the night. In addition, a small heater might be 
provided for use if extra hot water is required during the 
day. This would be controlled by a manually-operated 
switch and a thermostat. The simple hand control seems 
to be a danger in that someone might forget to turn it off, 
and then one would get steam instead of hot water. 

One of the author’s slides showed two vertical boilers 
with what looked like a series of large bladed-type im¬ 
mersion heaters near the bottom, but stepped round the 
boiler. I should like to ask whether the idea of these is 
to cut off the consumption gradually, or just to avoid 
the blades clashing with each other inside. 

I should like to know what type of thermostat the 
author favours. There seem to be two general types 
one in which a rod is enclosed within a tube made of a 
different metal and it is the difference in the linear 
coefficient of expansion which operates the thermostat, 
and the other where a bimetallic strip is used which 
bends to make and break contact. I should like to know 
whether the latter is found successful, or whether the 
rod-and-tube type is used exclusively for water heaters. 

It has been suggested that where supply has to be 
given to a number of large blocks of flats, preferably 
near an attended substation, all the water-heating 
appliances should be connected to special distributors, 
the voltage on which would be lowered by the substation 
attendant during peak-load periods. In this way the 
current would be reduced, since most of the water-heating 
is done by some device with a constant ohmic load. 

Mr. R. H. Rawll: I agree with the author that in 
developing the water-heating load it is most essential that 
supply undertakings should have on their staffs men 
whose sole job it is to do this work. As the author has 
shown, there are many cases where water heating may 
provide difficulties if electricity is applied to it, and there 
is nothing worse from a selling and propaganda point 
of view than to find subsequently that the installation is 
unsuccessful. It is far better to inform the consumer in 
the first instance that one cannot make a satisfactory job 
than to provide a very inefficient and uneconomical 
installation. 

Statistics show that whereas in the South of England 
storage heaters seem to be the more popular,, in the 
North and the Midlands the preference is mainly for 
circulators. This preference presumably depends not 
only on the degree of hardness of the water but also on 
the habits of the people. The author mentions that in 
districts where the water is comparatively soft the 
thermostat of a lj-gallon storage heater may be set at 
190° F. and that as the hardness increases one may have 
to reduce thi s to about 150° F. We have comparatively 
soft water in Birmingham, but we have found it necessary 
to set our thermostats at about 160° F., primarily from 
considerations of actual consumption; there seems to be 
an optimum figure for thermostat settings, and if the 
setting is increased beyond this a pronounced increase in 

consumption will often result. 

The figure of § unit has been given as the average 
24-hour stand-by loss in a Tg-gallon storage heater, and 
this raises a rather interesting point. We found in 
Birmingham that a certain number of consumers were 
in the habit of switching off these small storage heaters 
at night and switching them on again in the morning, 


thinking that they would thereby save current. Actually, 
the reverse is the case; consumption tests show that it is 
more economical to leave the heater on during the night. 
The question of supplying hot water to flats is a very 
thorny problem. In my experience it is essential to make 
the approach in the early days when the architect is 
designing the building, because unless the heater is made 
to measure it probably will be impossible to install it, 
and even if it is made to measure it is often difficult to fit 
it in position, especially in working-class flats. 

I understand that some supply undertakings have had 
unfortunate experiences with automatic lagged systems. 
In one case where an undertaking started a scheme for 
hiring out water heaters fitted with thermostatic control 
the consumptions were so high that many of the installa¬ 
tions had to be removed. The people concerned had not 
had constant hot-water service before, and they were not 
prepared to pay for this convenience. We therefore only 
hire water' heaters with hand control, but if people wish 
to have thermostatic control this can be provided if they 
pay for it by cash or on credit sale terms. 

Mention has been made of the necessity of observing 
wdiether one of the circulating pipes on an installation 
feeds a sink tap, since in such circumstances, if a circu¬ 
lator is fitted in the tank, it is essential to transfer the tap 
to the hot-water feed pipe to the other taps. There is 
another point in this connection which has to be watched. 
Where there is a hot-water towel rail in the bathroom 
we always tell the consumer that before a circulator can 
be installed a stop-cock must be fitted to the towel rail to 
avoid circulation round it. 

I am not in agreement with the author that for eco¬ 
nomical reasons 15 ft. is the maximum distance which 
a sink tap should be away from the central tank in which 
a circulator is connected, and that after that length has 
been exceeded a small storage heater should be fitted at 
the sink. It seems to me that this question rather 
depends on whether the tank upstairs is thermostatically 
operated or not. I think the author intended to imply 
that the tank upstairs is thermostatically controlled, 
because if hand control is utilized in all probability the 
water may not be used downstairs at the sink tap 
throughout the day. If, on the other hand, the tank is 
thermostatically controlled, hot water will be drawn from 
the sink tap and in such circumstances a considerable loss 
will naturally be experienced. 

I am interested in the author’s curves showing con¬ 
sumptions in various types of flats. In a block of fiats 
or a housing estate of the ordinary class, two families 
of the same size with practically the same salary and 
(as far as one can ascertain) the same external habits 
usually have very different habits from the point of 
view of the use of hot water, and thus it is very difficult 
to estimate the probable consumption in any given case.. 

The author states that a self-contained heater can be 
connected direct to a distribution fuse-board without a 
switch. We put in a double-pole switch near the storage 
heater, and we think this is very necessary for safety 
reasons, apart from coriiplying with the I.E.E. Wiring 
Regulations. 

Dealing with installation matters, we utilize asbestos- 
covered wire on our circulators between the terminal 
box of the circulator and a small joint-box which we fit 
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inside the airing cupboard. I should like to have the 
benefit of the author’s views on this matter. We feel 
that this practice is advisable because not only may there 
be a risk with regard to the perishing of the rubber of 
ordinary cable owing to the heat, but asbestos-covered 
wire gives a degree of confidence to the consumer, who 
possibly is in some doubt as to the safety of electricity in 
the bathroom. We think it is also very advisable to have 
this joint box fitted inside the airing cupboard, so that 
if the circulator has to be removed subsequently the 
asbestos wire is merely disconnected and one can then 
be satisfied that the wires to the airing cupboard will 
be quite safe even if the fuses later on are inserted. 

As regards the diversity of the electric water-heating 
load, what we want is curves showing the actual diversity 
or varying demand on the distributing network itself for 
the whole of the domestic load, and not merely that due to 
water heating. It may be true that the low-loaded heater 
has a high load-factor and the high-loaded one gives a 
lower load-factor, but the supply authorities are mainly 
interested in the effect of the combination.of all the other 
pieces of domestic apparatus on the network and it may 
easily happen that apparatus other than water heaters 
may be switched on when the latter are not in circuit, and 
therefore will tend to smooth out the general shape of the 
load curve. Most undertakings are to-day alive to this 
point and are endeavouring to obtain this information. 


Should one restrict the supply to a domestic con¬ 
sumer ? My own view and also that of my undertaking 
is that no restriction as regards the hours of use should 
be placed on a domestic consumer with respect to a 
particular piece of apparatus. I think that if there is 
going to be any restriction it should be applied before 
the particular apparatus is connected and should apply 
to the type of apparatus and not the hours of use. 
Our job is to provide electricity, and if we can only 
produce apparatus to work at certain times we have 
failed in our job. 

Finally, I would say that the question of introducing 
electric water heating into houses falls into two distinct 
categories, namely conversions and new installations. 
As regards the conversion of an existing hot-water 
installation, it is a matter of making the best of the job, 
taking all the circumstances into account, and usually 
one must also do it at a comparatively low price. With 
respect to new houses, one must make contact with the 
builder in the early stages, because provided the electric 
hot-water installation is considered before the usual and 
older method involving a solid-fuel. boiler is decided 
upon, the builder should realize a net saving on his 
total building costs. 

[The author s reply to this discussion will be found on 
page 50.] 
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Mr. D. H. S. Sanderson : I do not consider that there 
is any advantage in the withdrawable-pattern heating 
element. The object of the element is to convert the 
electrical energy into heat and then to get it into the 
water, and the designer’s desire is to have as small a 
temperature gradient as possible between the resistor and 
the water. He must insulate the resistor electrically, and 
yet the insulating material must conduct the heat. The 
thicker the insulator, the greater the gradient. In order 
to make an element withdrawable the designer must pro¬ 
vide an air-gap, which is a good insulator and a bad con¬ 
ductor. The main disadvantage of air, however, is that 
it oxidizes the resistor, and oxidation is, generally speak- 
ing, the cause of its failure. By embedding the resistor, 
oxidation is virtually eliminated, whilst the element can 
then comprise resistor, insulator, and sheath only, in¬ 
stead of resistor, insulator, air, and sheath. 

Regarding watts densities, I have seen a batch of ele¬ 
ments, all fitted in one tank, heating hard water, of vary¬ 
ing densities from about 30 to over 80 watts per sq. in. 
There was little difference in appearance, and although 
there was a large quantity of scale deposited on the tank 
bottom, it was not possible to say whether it was the 
lightly loaded or the highly loaded heaters which were 
responsible. Sometimes a scale deposit fin. thick is 
found on electric water heaters in hard-water districts. 

In this part of the country we are generally blessed with 
soft water, and most houses have a fire-back boiler from 
which the water rises, when heated, to a copper cylinder. 
Unless legislation is brought in to prohibit the use of raw 
fuel in domestic grates the fire-back boiler will be used 
for many years and therefore electric heaters will be 
generally employed as boosters, serving as the sole source 


of heat only when the fire is not in use, as in summer. 

An immersion heater or circulator is, in these cases, 
the most convenient and useful form of electrical heating. 
It is easily fixed, and gives hot water at all existing hot- 
water taps. The use of the circulating tube is an ad¬ 
vantage in that it makes hotter water available during 
the first 10 or 15 minutes, but where a quantity of water 
is wanted in an hour or so, then there is little advantage 
providing the heater is fixed vertically or nearly so. 

A 3-kW circulator meets most household requirements. 
It gives hot water in small quantities in a short time and 
it gives sufficient hot water for a good bath in 1^—la¬ 
bours. If the cylinder is large, say of 40 gallons capacity, 
and the requirements are rather heavy, I consider that the 
best method is to install two heaters—a circulator at the 
top for general use and a horizontal immersion heater at 
the bottom, that may be switched on when larger quan¬ 
tities of hot water are required. 

As the cylinder is generally fixed in or near to the bath¬ 
room, I advise the use of a If- or 3-gallon storage heater 
at the kitchen or scullery sink. These small storage 
heaters save pipe losses, are very efficient, and have a 
low loading—750 watts is the now recognized standard. 
Their recuperation period is rather long, but I do not 
think that for ordinary domestic purposes that matters a 
great deal. The author in Table 4 indicates that they 
may be used for making tea, but I do not think that the 
de-aerated water given by a storage heater would be 
suitable for this purpose or for boiling vegetables. 

I should like to explain the working of the anti-scale 
device shown in Fig. 5 a( 5). When the heater is first 
installed and the water turned on, the heating chamber 
is filled, as well as the storage chamber. By an ingenious 
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yet simple arrangement of a tube and a cap an air lock is 
formed which seals this charge of water round the heating 
element. The small amount of hardness in this initial 
charge is soon thrown out and the water surrounding the 
element is then soft. This water conducts the heat to 
the heater-chamber wall and thence to the main bulk of 
water. As the temperature of the wall does not exceed 
160° F. practically no scale is formed, whilst the element 
itself is free from scale. 

I examined a 3-gallon heater fitted with that device in 
an electricity showroom in one of the few hard-water 
districts (28 degrees of hardness) near Leeds, and found 
that after 11 months’ hard use the tinned copper sheath 
was quite bright and the total amount of scale thrown 
down or accumulated on the heating chamber was only 
2 oz. It was also noticed that the thickness of scale was 
very small—from 0- 020 in. to 0-030 in. 

Regarding the loading of the elements for storage 
heaters, I believe one or two supply authorities favour 
2 000 watts on lj-gallon heaters. Whilst I do not see 
much harm in this suggestion from the diversity-factor 
point of view, it will only be possible to adopt it in soft- 
water districts. If such a concentrated loading were 
employed in a hard-water district a lot of scale would be 
thrown down. The main disadvantage I foresee is that 
when people have been able to get a more or less in¬ 
stantaneous supply from a lj-gallon storage heater they 
will demand considerably higher wattages in larger con¬ 
tainers. What has been the experience of users of 2-kW 
] |-gallon storage heaters with regard to boiling ? The 
period of recuperation is presumably very small, and I 
do not know whether the thermostats will act quickly 
enough to prevent boiling. 

I would stress the importance of making sure that there 
is an adequate expansion pipe on every installation and 
that it rises continuously to the feed tank, or, as the 
author shows, has only a short horizontal run. It must 
not drop, otherwise an air lock will be formed which can 
cause considerable trouble. I came across an instance 
where the expansion pipe rose from the cylinder and then 
came right down to the floor level. The hand-controlled 
non-automatic 4-kW heater was left on by mistake one 
night, an air lock was formed, and the water was pushed 
back some inches, by pressure through the feed pipe up 
into the cold-water feed, and the tops of the element blades 
were exposed. Being exposed in air the blades were not 
conducting the heat into the water, they became over¬ 
heated in a relatively short time, and the soldering of the 
flange was melted. Leakage of the water commenced, 
and continued all night, causing considerable damage. 

Mr, E. Hallo well : I should have liked the author to 
bave devoted more space to the purely economic facts of 
electricity supply for water heating. 

Many engineers will not subscribe to his statement 
(page 17) that water heating is the best of all domestic 
applications of electricity, though had he qualified the 
statement by saying '"off-peak water heating" many 
would have been in complete agreement. The very high 
thermal losses incurred in converting heat into electrical 
energy at the power station and in transmission to the 
consumer’s premises militate against the use of electricity 
lor heating purposes, but these losses—large as they are— 
become comparatively unimportant when one considers 


the high capital charges for equipment and mains which 
are incurred in giving supplies to small consumers. If 
reference is made to published figures it will be seen that 
where domestic supplies predominate the total capital 
cost per kilowatt of maximum demand on the system as 
a whole often reaches the sum of £100. If interest, de¬ 
preciation, and maintenance are taken at the low figure 
of 7 % one arrives at a cost of £7 per annum per kW 
of maximum demand, to which must be added central- 
station or C.E.B. demand charges, making a total of at 
least £10 per annum per kW of maximum demand. 

Taking the author’s own figures (Table 8), a 2-kW 
water heater using 3 750 units per annum will create a 
maximum demand of 0 • 95 kW after allowing for diversity, 
which, on the above basis, works out at 0-6d. per unit for 
capital charges only. To this must be added a basic 
charge of, say, 0-15d. per unit to cover coal and rates, 
making a total cost to the supply undertaker of f-d. per 
unit at the consumers’ terminals. If one accepts the 
author’s figures, which incidentally agree with my own 
experience, the position in regard to circulators is even 
worse, particularly when early morning peak-load condi¬ 
tions exist. It is apparent, therefore, that a domestic 
rate of 0-5d. per unit is quite unprofitable when the 
supply is unrestricted, and supplies at present given on 
this basis must necessarily be subsidized by power and 
lighting consumers. With controlled supplies the posi¬ 
tion is quite different. Capital charges amounting to 
upwards of 80 % of the total cost are completely elimi¬ 
nated, and water-heating tariffs as low as 0-25d. per unit 
become remunerative. 

The fundamental objection to all forms of off-peak 
control is the need for adequate thermal storage, to bridge 
long peak-load periods, and any successful method of con¬ 
trol must aim at reducing this thermal storage to a 
minimum. So-called load-levelling of cooker and water- 
heating loads can have little beneficial effect in reducing 
maximum demand, since an increase in load factor is 
usually accompanied by a reduction in diversity factor. 
Also long restriction periods become necessary if water 
heaters are disconnected whenever cookers are in use. 
Time switching is also difficult to apply successfully, 
owing to the difficulty of predicting the times of peak 
load. 

The company with which I am associated has installed 
a ripple control system which successfully overcomes these 
difficulties, so that the thermal storage provided by an 
ordinary converted domestic cylinder is found to be quite 
adequate to meet all normal demands. Under this 
system, instead of the whole load being disconnected and 
reconnected some time before and after each peak, it is 
automatically controlled step by step to follow the con¬ 
tour of the load curve, which in itself approximately 
halves the restriction period. Furthermore, water 
heaters are disconnected and reconnected in an order 
determined by the temperature. Thus the consumers 
who most urgently require supply take precedence. For 
example, those who require supply after a period of heavy 
demand for hot water will be disconnected for not more 
than 30 minutes, whilst those having a supply of water 
at a reasonably high temperature may be off for longer 
periods up to, say, 4 hours. In effect the system takes 
advantage of diversity in demands for hot water, and 
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there is a minimum of inconvenience to the consumer 
with a maximum load factor for the supply undertaking, 

Mr, S. F. Osborne : The paper covers only the general 
principles of domestic water heating. It would have been 
of much greater value to supply engineers if it had given 
more details of recent improvements in the design of 
apparatus, comparisons of operating characteristics of 
different types of immersion heaters and circulators, the 
effect of various thermostat positions and lengths, and 
other points which require special consideration. 

The estimated load -characteristics given in Table 8 do 
■not serve any useful purpose. Similar estimates of load 
and diversity factors have been published by eight 
different authorities in various technical journals during 
the past 2 years, but these figures differ widely, and those 
given by the author do not compare with any of them. 
At the present time, one cannot do more than give rough 
estimates of diversity factor, but supply undertakings 
installing "off-peak” control apparatus operating by 
superimposed high-frequency currents will be able to 
determine exactly the diversity of the apparatus at any 
time of the day by recording the -fall in load at a distribu¬ 
tion centre or substation when a control signal is sent 
out and water heaters are disconnected. With such 
information it will be possible to determine exactly the 
costs of supplying the domestic water-heating load. 

There is not much difficulty in the North Midland areas 
with regard to hard water, though there are a few water 
authorities supplying water with over 30 degrees of 
temporary hardness. Difficulty is experienced in one 
area where the water authority obtains its supply from 
two different sources, one providing very soft water and 
the other water with 28 degrees of temporary hardness. 
When it is not possible to obtain particulars of the area 
supplied by each source, apparatus suitable for hard- 
water supplies must be used throughout the area. 

With regard to the allowance made in designing solid- 
fuel domestic hot-water installations, statistics recently 
obtained by the inspection of about 3 000 houses and in¬ 
formation given by the manufacturers of domestic hot- 
water cylinders, show that the size of storage tank 
installed in 5-, 6-, and 7-room houses varies from 15 
gallons to 50 gallons, the average size being 21 gallons. 

Reference is made to the state of development in certain 
towns in the South of England; 25 % of the consumers in 
certain towns are said to be using electricity for water 
heating. Several undertakings in the North have ob¬ 
tained equal results. The reason for the high percentage 
of consumers using electricity for water heating in 
Switzerland is partly the lower cost of electricity and the 
comparatively high cost of coal. 

Several undertakings are hiring belt-type heaters and 
external circulators. These do not appear to be very 
popular, but no trouble has yet been experienced by the 
undertakings installing them. Belt-type heaters are 
particularly satisfactory for hire schemes, as no tank 
drilling is necessary and the apparatus is easily recovered. 
The belt heater has, however, a lower efficiency than the 
immersion heater. 

I should like to know the source of the figures given 
in Table : 2. Though it is necessary for undertakings to 
give the number of water heaters connected when com¬ 
pleting the Electricity Commissioners’ annual returns, 


many undertakings do not know how man}’ water heaters 
are connected to their mains. 

In connection with the design of the water container, 
there are reasons for tinning the inner container by the 

hot dipping” process other than for the prevention of 
contamination of the water due to the absorption of 
copper which sometimes occurs when the water stands in 
the container for long periods; and it is unlikely that this 
process of tinning will be discontinued. 

It has in the past been considered that low loading 
denshy of heating elements is necessary to reduce the 
element surface temperature, particularly in hard-water 
districts. It has also been stated that higher surface 
temperature and quick heating and cooling, causing rapid 
expansion and contraction of the elements, tends to throw 
off the scale. I understand that recent tests disprove 
this latter theory, and I should be pleased if the author 
could give any information on the point. There are 
several heaters on the market with special anti-scaling 
devices, but the author gives very little information on 
this type of apparatus. On page 4 he suggests that 
thermostat settings should be limited to 150 o -160° F. 
where the water is very hard. It has been found in 
certain districts that, with thermostats set as low as 
130° F., the rate of scaling has not been materially 
reduced. 

Referring to Fig. 3, the ambient temperature at which 
the tests were taken should be given. The curve shows 
that for l|-in. thick lagging (which is standardized by 
several manufacturers) the weekly loss due to radia¬ 
tion is 2 units (0-3 unit per 24 hours), assuming that the 
water is maintained at 170° F. throughout the day. 

Has the author had any experience with water heaters 
in which the ball valve is incorporated in the hot-water 
chamber ? With this type of heater, the cold water is 
fed into the cylinder at the bottom, and hot water is 
drawn off from the top of the cylinder through a pipe 
connection to the ball float. 

Referring to cistern-type heaters, the author states 
that the pressure is limited to the head of water between 
the bottom of the container and the top of the water in 
the ball-valve tank. This is incorrect. The head of water 
is limited to the distance between the top of the water 
in the ball-valve tank and the top of the water in the hot 
chamber—a head of about 6 in., compared with 4-5 ft. for 
the conditions given by the author. With a head of 
4 ft. 6 in., the |-in. diameter feed pipe would foe large 
enough to supply water at the rate of 9 gallons per 
minute (allowing for normal pipe and pipe-fittings 
friction losses). With a head of 6 in., the rate of flow for 
a §-in. diameter pipe would be below 3 gallons per minute. 
A feed pipe based on the author’s assumptions would 
therefore be of too small a diameter to meet normal 
requirements. 

The section of the paper dealing with immersion 
heaters and circulators refers mainly to top-entry type 
circulators, though the side-entry circulators give many 
advantages. For example, it will be seen from Fig. B, 
which shows the heating characteristics of a 2-kW side- 
entry circulator, that water is available in small quanti¬ 
ties at the top of the cylinder at a temperature of 120° F. 
within 10 minutes of switching on. Compared with this, 
the curves given by the author in Fig. 6b show that it 
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takes 20 minutes with a 2 • 5-kW top-entry circulator to 
obtain water at 120° F. The side-entry circulator can be 
installed close to the bottom of the cylinder. The full 
contents of the tank can therefore be heated. This is 
important where supplies of electricity are given on an 
“ off-peak ” tariff, and the maximum amount of heat 
storage is required. The length of circulating tube on 
the side-entry immersion heaters can easily be adjusted 
to suit various types of cy lin ders. 

The main disadvantage of a side-entry circulator is 
that more room is required for the withdrawal of the 
element or thermostat in the event of a fault. It is often 
necessary to cut away the door or side of a small airing- 
cupboard to-make provision for the apparatus terminal 
cover. 


premises is greater than that for any other domestic 
supply. A 2-kW thermostatically controlled side-entry 
circulator can be installed complete with insulating jacket 
and 30 ft. of wiring for approximately £6. From this, 
the supply undertaking may obtain as much as 3 times 
the revenue which they would obtain from a cooker 
installation costing from £10 to £12, without having to 
provide for a maximum installed load of 6—7 lcW, and 
without the danger of the high maximum-demand charges 
which are experienced during cold spells owing to the 
extensive use of electric radiators. 

Mr. R. M. Longman : If one were to ask a domestic 
consumer who was accustomed to water heating by 
electricity which of the various electric services he would 
like to keep most, it is most likely that he would choose 



With regard to the lagging of existing cylinders, the 
main difficulty with granulated cork lagging is that this 
must be removed to enable the heater to be withdrawn. 
Wool or asbestos insulating jackets are usually more 
satisfactory from this point of view'. 

The author mentions that safety from bursting of the 
storage cylinder is ensured by the provision of what he 
incorrectly terms an expansion pipe. Without this pipe, 
expansion would still be taken care of by the water 
travelling back through the open inlet to the heater. The 
main reason for the provision of the open outlet from the 
top of the tank is to release air which may be accumulated 
at the top of the cylinder and cause air locks. 

With regard to pipe losses, one cannot lay down a 
definite rule as to the length of pipe to the kitchen sink 
beyond which it would pay to install a second heater. 
The diameter of the pipe and the frequency of use are 
additional points which need consideration. 

I should like to point out that the revenue per unit of 
expenditure on water-heating apparatus in consumers 3 


the water heating. My water-heating installation con¬ 
sists of a 2-kW immersion heater with 3-heat switch. It 
is placed horizontally about one-third the way up a 
25-gallon cylinder, thus avoiding the corrugations. It is 
generally left on " low 33 all night and most of the day, 
and there is ample hot water for use the first thing in the 
morning. Probably 80 % to 90 % of the water heating 
is done at ' low. 33 There is no thermostat, as when the 
heater was installed 16-years ago thermostats were not so 
reliable as they are to-day. 

It is of little use to employ electric cooking unless water 
heating is also provided and thus the open fire can l>e 
dispensed with during the summer time. The summer 
load is a great help to the undertakers, and improves the 
load factor. A disadvantage of a 3-kW heater is that it 
cannot be left on low (0-75 kW) all night unless it is con¬ 
trolled by a thermostat on an average-size cy lin der. 

The run of the hot-water piping really decides whether 
more than one heater or cylinder is needed. The run 
should be carefully examined to ascertain that the pipes 
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are not exposed to draughts, and all holes for waste pipes 
should be properly filled in. 

Encouragement of water heating at night would be a 
great help to the generating stations, particularly now 
that 30-M'W and 50-MW sets are becoming so common. 
More night load is wanted, to avoid the necessity of 
shutting these plants down every night. 

Mr. W. Dimdas : It may be of interest to record my 
observations on the metering of the various services in a 
medium-sized house, where it was found that the water 
heater accounted for approximately 2 000 units per 
annum, averaging from 10 units a day in summer to 2 or 
3 a day in winter, when the fire-back boiler supplies most 
of the hot water. The immersion heater is fitted with 
thermostatic control set to 150° F. on half its capacity, 
the remaining half being used as a boost to meet increased 
demands for hot water when necessary; this arrangement 
has proved to be exceedingly useful and flexible. Un¬ 
fortunately, the water side was not metered, but the 
figure works out at an average of 30 gallons a day, 
which may be on the high side owing to the difficulty 
of estimating accurately the radiation losses on a boxed-in 
unlagged cylinder. 

The electric water heater is such a boon to the house¬ 
wife, reducing labour by the elimination of the kitchen 
fire, particularly in the summer, that the domestic rate 
offered in most places nowadays is sufficient to make the 
scheme attractive to the consumer. The domestic water¬ 
heating load, with its good diversity factor, is attractive 
also to supply authorities, especially under the condi¬ 
tions referred to above, and there should be no difficulty 
in obtaining custom at a rate satisfactory to both parties. • 
The conditions associated with off-peak load—increased 
capital commitments for storage, special switching 
arrangements, etc., together with the attendant incon¬ 
veniences—are not attractive, and it is an open question 
whether off-peak water heating would be acceptable 
generally in a country such as ours, where alternative 
methods of heating are available and well established. 

Mr. J. G. Craven : The great advantage of the system 
where the immersion heater is installed in the ordinary 
hot-water cylinder is that in the summer months and the 
late spring and early autumn one can have a bath by 
turning, the heater on for 20 minutes or so after the 
kitchen fire has gone out in the afternoon. 

Thermostats, now practically perfect in operation, have 
from the outset always been very reliable. In view of 
the number of thermostats that are in use to-day, it is 
remarkable how few failures there are, especially when 
one considers what a small break thermostat switches 
have, and what a large current they have to break when 
they are controlling 2- or 3-kW immersion heaters. 

Does the author find that rectangular iron tanks are 
used almost universally in the South of England ? 

He showed a slide illustrating a cylinder lagged by 
what looked rather like a sack. Is this designed to 
enclose a certain amount of air in addition to the asbestos 
or cork, the air being a good insulator ? I have lagged 
my own hot-water cylinder with asbestos matting. The 
cylinder is in a cupboard, with an airing compartment 
immediately above it. Much to my amazement, I find 
the temperature of the cupboard is as high now as it was 
before the cylinder was lagged. When the cylinder is hot 
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it slowly warms up the cupboard, as there is practically 
no leakage of warm or hot air. Where the pipe comes 
up from the kitchen through the floor there is a large hole, 
through which dust is sucked up into the cupboard. 
Although the cylinder is lagged the connecting pipes are 
not, and they of course help to keep the cupboard warm. 

There is no doubt that the use of electric water heating 
will extend in the future. A cheap form of control, with 
automatic switching, is essential, so that the energy can 
be supplied at a low price during off-peak hours. 

Mr. C. W. Chandler: Referring to Fig. 5a, I have 
noticed that above the inlet pipe a baffle is fixed to pre¬ 
vent the cold water mixing with the hot water, and that 
a non-return device is not shown. Non-return devices 
which depend for their operation on the direction of flow 
of the inlet water actuating a ball or clack valve are not 
approved by most water supply authorities, and a much 
more satisfactory device in the form of an inverted U-tube 
having a small hole bored in the top of the bend effectively 
prevents mixing, and also acts as a non-return device. 

According to the author, electric water heating is un¬ 
economical if pipe-runs of 15 ft. or over are used between 
heater and tap. He states that the pipe loss is 2 kWh 
per day with 10 draw-offs if the water is drawn through 
15 ft. of f-in. iron pipe, and if the water left in the pipe 
gives up all its heat after each draw-off; but he does not 
make a comparison with the figure of 1 kWh or more 
loss per day which occurs when hot water is stored in a 

1 J-gallon thermal-storage heater. The thermal loss from 
a 1 ^-gallon thermal-storage heater can easily amount to 
180 or 200 kWh per half-year, which in many cases ex¬ 
ceeds the combined house-lighting and radio consumption 
for a similar period. 

Mr. Sanderson asked whether any trouble has been ex¬ 
perienced by those authorities who adopt a loading of 

2 kW in l|~gallon thermal-storage water heaters. In 
reply I would state that the authority for whom I work 
have adopted that loading as standard in both l|~gallon 
and 3-gallon water heaters, and so far no deleterious effects 
have become apparent. The thermostat operates quite 
efficiently and prevents boiling. 

The reason why we have adopted this loading is our 
desire to meet the requirements of people residing in the 
poorer districts where both man arid wife go out to work. 
When they return hot water is required quickly, and with¬ 
out the necessity for leaving the heater on all day. 
Moreover, we had to compete with gas water heating. 

With a loading of 2 kW, a l|-gallon water heater having 
a thermostat setting of 170° F. has a preheating period of 
approximately 20 minutes, and for a 3-gallon heater the 
figure is approximately 35 minutes. The recuperation 
period depends on the quantity of water withdrawn, but 
if the full I| gallons is used there is still the heat content 
of the inner container, and the time of recuperation is 
about 13 minutes. We are not troubled with hard water, 
so this relatively high loading can be used without fear of 
element failures. 

I should like to mention that there is an anti-drip 
device on the market, working on the ejector principle, 
which makes use of a bell-shaped receptacle enclosing the 
inlet pipe. When the tap is opened the incoming water 
forces the water which is already in the bell into the main 
water chamber,so leaving anempty space into which water 
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can run when the tap is turned off. This action reduces 
the level of the water below the top of the outlet pipe 
automatically and instantaneously, and avoids that un¬ 
desirable but inherent feature of the siphomc arrangement 
_a flush of a pint or more of water in excess of actual 

requirements. 

The author states that by arranging the heating ele¬ 
ments to occupy the bottom third of the circulator length 
a better temperature-gradient is obtained than is possible 
with the more usual type where the elements are wound 
evenly throughout the circulator length. The graph in 
Fig. 6b shows that the temperature at the top^of the 
cjdinder after 10 minutes on circuit is about 95° F. for 
the circulator with elements disposed at the lower end, and 
about 115° F. for elements uniformly disposed. This 
small quantity of reasonably hot water is a feature that 
has made the circulator popular and that plumbeis have 
striven for years to obtain. Plumbers have achieved 
some measure of success in this direction by connecting 
the return pipe from the fire-back boiler at a point neaier 
to the top of the cylinder. The normal arrangement of 
pipes is shown in Fig. 10, and it will be seen that the 
flow and return pipes for the fire-back boiler are within 
6 in. of each other where they enter the cylinder. 

With the standard type of circulator the top layer of 
water in the cylinder gets very hot, eventually boiling, 
and will probably rise 12 in. above the level of the water 
in the ball-feed cistern. Theoretically, a 24-ft. column 
of cold water will support a 25-ft. column of boiling 
water, but with turbulence increasing this disparity we 
have found in practice that hot water is forced out of the 
expansion pipe in increasing quantities until the aii is 
completely expelled and a siphon formed by the bend of 
the expansion pipe, with the result that after a few minutes 
the hot water in the cylinder and the cold water in the 
ball-feed cistern have changed places. 

The author’s recommendation that 12 in. of horizontal 
pipe will reduce the temperature and consequent heat 
losses of the expansion pipe is not sound, and will 
probably cause water hammer. We have overcome the 
difficulty by fixing a small-bore tube just below the bend 
of the expansion pipe, the effect of which is to reduce 
turbulence and prevent water reaching .the bend. 
Another effective and more simple method is to insert 
a small cylinder of about 1 quart capacity in the expan¬ 
sion pipe at a height slightly above the level of the water 
in the ball-feed cistern. 


We in Bradford have dispensed with the circulator 
draught tube, with marked improvement, especially on 
narrow cylinders. 

I am rather disappointed that the author makes no 
mention of the electric heating of the Rolyat-pattem 
combined cistern and storage tank. The Rolyat system 
employs a triangular tank, which serves the double pur¬ 
pose of a cold-feed ball-valve cistern and a hot-watei 
storage cylinder. We have made several inquiries as to a 
satisfactory method of heating electrically tanks in¬ 
corporating a copper coil, but up to the present we have 
not met with any degree of success. In the type not 
employing a coil we insert an immersion heater in the 
base of the tank and connected directly to the feed pipe 
supplying the hot-water taps. A pipe passes through the 
heater head and up to a point 1 in. above the element 
tubes, and the design is such that water is directed to it 
from the surface of the water by a fioat-suppoited tube, 
irrespective of the quantity of water in the tank. This 
arrangement is quite satisfactory. 

The paper makes no mention of the 2-tank system found 
in old property, usually of 4-5 storys, where two tanks 
—often of 100 gallons’ capacity each and connected 
together by a pipe and to the fire-back boiler constitute 
the hot-water system. The trouble with this system is 
that the hot-water taps are fed from pipes taken from the 
riser from the fire-back boiler,, and after a small quantity 
of hot water has been drawn, cold water lushes thiough 
the fire-back boiler and out at the “ hot ” tap. We have 
heated this system by divers methods, but generally by 
connecting a lagged cylinder in series with the risei close 
to the fire-baclc boiler, and installing an automatic circu¬ 
lator in the cylinder. The riser above the cylinder then 
feeds all taps and acts as the expansion pipe. A modifi¬ 
cation of this arrangement is to connect the cold-feed pipe 
to the cylinder and the fire-back boiler to the cylinder, so 
as to obtain a primary circulation in the cylinder. 

Mr. J. W. Atkinson : I want to ask the author one 
question—whether many supply authorities provide 
immersion heaters on hire or whether it is the usual 
practice to supply them only on purchase or hire-purchase 
terms. 

We are apt to get the impression that all the house¬ 
holders in this country now own their houses: this is 
quite a mistake, as there are millions of short-term 
tenants who cannot afford to undertake the purchase, or 
hire-purchase, of electric water heaters. 


THE AUTHOR’S REPLY TO THE DISCUSSIONS AT LONDON, GLOUCESTER, 
MANCHESTER, BELFAST, NEWCASTLE, BIRMINGHAM, AND LEEDS 


Mr. J. I. Bernard (in reply): The amount.of dis¬ 
cussion that the paper has aroused is no small tribute to 
the importance of this particular field of utilization of 
electricity and to the interest which is being taken in 
electric water heating at the present time. For the many 
contributions, which add so much useful knowledge to 
the information given in the paper, I should like to 
express my best thanks. 

Space will not permit a detailed reply to every indi¬ 
vidual speaker and, as most of the minor questions were 
answered verbally, I hope the following general reply 
on the more important aspects will suffice. 


General. 

Dealing first with general comments, the remark of 
Mr. Butterfield that the subject is far from simple is. 
quite true; it is only apparently simple and there are, 
as he says, some problems, such as designs for hard 
water and anti-drip devices, which are not yet completely 
solved. 

Mr. C. FI. Smith is right in emphasizing that the- 
welfare of the whole of the electrical industry is wrapped 
up in-the advance of the electric water-heating idea. 

One of the most important practical advantages of 
electric water heating mentioned by several speakers is 
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its very great reliability compared with other methods. 
Mr. McKenzie, for example, mentioned that even in the 
severe frost last December no defects were reported in 
17 633 electric water heaters installed in Wimbledon. 
Another point 'mentioned by Mr. McKenzie—and one 
which is of importance to municipal supply undertakings 
—was that it is a matter of regret that the Electricity 
Commissioners recently granted an extension of loan 
period from 7 to 10 years for electric cookers but not for 
water heaters; such a distinction certainly seems ano¬ 
malous to those who have had experience of the 
reliability of electric water heating. 

A general comment should also be made on an aspect 
of the subject to which only slight reference was inten¬ 
tionally made in the paper, namely users’ appreciation 
of electric water heating. As Messrs. Swale, Lennox, 
Dundas, Craven, Longman, and others testified, water 
heating is one of the most appreciated services that 
electricity can render in the household, and Mr. Taylor 
would no doubt find that the experimental conversion 
of his fuel-fired system, by fitting an immersion heater in 
a suitable manner, would not result in undue running cost. 

Figures for the efficiency of other methods of water 
heating were not given, as they were thought to be rather 
outside the scope of the paper and such commercial 
considerations have been dealt with elsewhere.* 

The title of' the paper, which some speakers found 
misleading, does not, in my mind, bear the interpreta¬ 
tion assumed; it is intended, of course, to cover the use 
of electric heating, by any method of application, for 
domestic hot water supply in commercial, industrial, or 
domestic premises. 

Type of Water, and Use of Hot Water. 

As Mr. Lennox pointed out, hard water is found in 
some districts north of the Trent where supplies are 
drawn from wells, such as South Shields, Sunderland, 
and West Hartlepool. 

In reply to Mr. Grierson, the corrosive action of soft 
water is attributed to C0 2 as well as to acids, in several 
works of reference on water engineering (e.g. the “ Water 
Engineers’ Handbook”). 

In regard to the use of hot water, several speakers 
confirmed the wide variation which occurs as between 
different households. This lends weight to Mr. Parker’s 
point that attempts should not be made to compute 
running costs to any considerable degree of accuracy 
for the purpose of furnishing consumers with estimates, 
as such figures may prove very misleading. As Mr. Ward 
pointed out, it is only after very considerable experience 
that a reliable estimate of consumption may be made. 

I agree with Mr. Humphreys that the use of hot water 
is liable to be increased when electric heating is em¬ 
ployed if an ample supply under thermostatic control is 
provided. On the other hand, a large proportion of 
weekly wage earners whose use of hot water is restricted 
by their means cannot be expected to pay for appre¬ 
ciable heat losses. The best type of electric water 
heater for this class of consumer is accordingly, as Mr. 
Millner points out, a subject for further study. 

The discussions at Manchester, Leeds, and Newcastle 
indicate that the quantities of water for hand-basins 

* B.E.D.A. Report No. 133S (Domestic Water Heating). 


and baths given in Table 1 are rather high for the North 
of England, but they probably represent conservative 
averages for the whole country. Generally speaking, 
existing hot-water systems judged on the number of 
gallons stored are of more ample design in the Midlands 
and South of England and Scotland than they, are in 
Lancashire, Yorkshire, and other parts of England. 

In reply to Mr. Rowson, the analysis of family incomes 
shown in Table 2 is estimated from the results of a 
number of surveys which, as he probably knows, vary 
considerably among themselves. 

With regard to the number of water heaters in use, I 
agree with Mr. McKenzie that the ultimate criterion 
should be based upon the number of domestic premises 
rather than the number of consumers, but the former 
figures are not so readily obtainable. 

The marked upward trend which occurred in 1936-37 
in the number of water heaters connected, as shown in 
Figs. 1 and 2, is probably due to a combination of factors, 
including the more extensive availability of low costs 
of energy, but more particularly to the increased adoption 
of hire and hire-purchase terms by supply authorities; 
in reply to Mr. Chorlton, I am certainly of opinion that 
the publicity work done by the British Electrical Deve¬ 
lopment Association has played an important part, since 
a large amount of the Association’s Press-advertising 
during this period has been devoted to promoting the 
idea of electric water heating. 

Types of Electric Water Heaters. 

It is evident that many speakers thought the electric 
geyser was dismissed too summarily in the paper, but 
the hot-water output attributed to it was the maximum 
that can be obtained, i.e. at 100 % efficiency, and, 
owing to loss of heat in the lengthy process of filling a 
bath by this method, the useful amount of hot water 
available will be even less than the figure given by Mr. 
Gray. 

Mr. Fella asked whether a 4-kW geyser might not 
have some useful application in place of a L|~gallon 
storage heater. It is true that some geysers of this 
size are in use in doctors' surgeries and other places 
where small quantities of hot water are only required at 
infrequent intervals, but for general use they will not 
give such a copious supply as a storage heater; while it 
will be seen from a later section of the paper that their 
load characteristics cannot be so acceptable to supply 
authorities, who would not be justified in hiring out this 
type of heater. Moreover, it is not correct to assume, as 
Mr. Minter appears to do, that the design of a reliable 
geyser is a simple matter. In general, this type of 
heater is not regarded by those with experience as 
capable of giving satisfactory hot-water service; cheaply- 
made geysers may in fact be a menace to the user, owing 
to danger of shock. 

Self-Contained Heaters. 

The British Standard Specification for " Thermo¬ 
statically Controlled Electric Water Heaters ” (No. 842— 
1939), which has since been issued, will undoubtedly 
serve a useful purpose, as suggested by Mr. McKenzie 
and Mr. Humphreys. I accept Mr. C. H. Smith’s sug¬ 
gestion that the term ” vent pipe ” is preferable to 
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“ expansion pipe,” although the latter is in general use, 
probably because hot water in the pipe, owing to 
expansion, stands at a higher level than the water in the 
ball-valve feed tank. 

Water Container. 

With regard to the debatable point whether copper 
containers should be tinned, the discussions reveal a 
majority of opinion in favour of tinning, and I agree with 
this view as far as heaters of the non-pressure or cistern 
types are concerned, in which there is an air-water line; 

I also agree with it so far as small sizes of heaters are 
concerned, water from which will be used for culinary 
purposes. As regards other water containers, however, 
the need for tinning is not imperative for all waters. 
Many untinned copper cylinders have been in satis¬ 
factory use for a long time. 

Heating Element. 

The remarks on standard loadings of elements show, 
as was stated by Mr. C. H. Smith, that these are satis¬ 
factory for all-round purposes. They may have to be 
increased where space does not permit the ideal size of 
tank to be installed or, as was mentioned by Mr. Millner, 
for certain commercial premises. On the other hand, 
as was stated by Mr. Ward and others, lower loadings 
can often, be installed without detriment to the hot- 
water service, in which case the supply authority obtains 
better load characteristics. 

Thermostat. 

It is accepted that a high thermostat setting such as 
190° F., which may be used with soft water, is only of 
advantage in that it gives a maximum amount of stored 
heat—for example, 15| gallons at 190° F. is equivalent 
to 20 gallons at 160° F.—and this is an important factor 
in regard to the installation of self-contained heaters, 
not only as regards capital cost but also on the score of 
space-saving. 

Experience does not indicate that a high thermostat 
setting is a danger, as feared by Mr. Parker; but the heat 
loss is somewhat increased as compared with that of the 
larger quantity of hot water which has to be stored at a 
lower temperature to give the same heat content, because 
the heat stored varies as the cube, whereas the heat loss 
varies as the surface of the container. 

Questions raised in regard to a suitable thermostat 
setting for use with hard water are dealt with below, 
and reference is also made later to the effect of the 
temperature gradient between the top and the bottom 
of the water contained in a cylinder; but this aspect so 
far as it affects the design of self-contained water heaters, 
as discussed by Mr. Humphreys and Mr. Gartside, may 
be summarized as follows. In any heater there is a 
certain temperature gradient, depending partly upon the 
size and shape of the containing vessel and other factors 
such as a draught tube which will affect the internal 
circulation; but, other things being equal, the tempera¬ 
ture gradient will be principally affected by the arrange¬ 
ment of the heating element. If the element is situated 
at the base of the heater, the temperature gradient will 
be very small—an extreme example of this being the 
electric kettle where, owing to rapid circulation, the 


whole of the contents boils at the same moment. On 
the other hand, if the element is at the top of the con¬ 
tainer, since hot water will not descend, the circulation 
will be non-existent or sluggish, with the result that a 
steep temperature gradient will exist. While this is 
objectionable because of the lower average temperature 
of the water, it is an advantage in providing quick 
recuperation for small quantities of hot water at the 
top of the container after the whole of the contents has 
been drawn off. For this reason, and also to comply 
with the exigencies of space, the heating elements in 
the smaller sizes of self-contained water heaters usually 
extend upwards from the apparatus plate for some 
considerable proportion of the total internal height, so 
that an appreciable temperature gradient exists. The 
setting of the thermostat will then depend upon its 
length, in the way described by Mr. Humphreys and Mr. 
Gartside. Common practice is to use a fairly long¬ 
stemmed thermostat, which generally lends itself to the 
best compromise in design. 

Lagging and Heat Losses. 

Fig. 3, on which several questions were asked, was 
included to illustrate the heat loss through various 
thicknesses of lagging of a l|-gallon heater maintained 
at 170° F. with 55° F. ambient temperature; in addition 
there is, of course, considerable loss from the apparatus 
plate and fittings. 

In regard to heat losses from self-contained water 
heaters, support for the figures given in the paper is 
provided by the new British Standard Specification 
No. 843—1939, which gives only slightly greater values 
as maxima. 

Small Heaters. 

Table 4 was merely intended as a representative illus¬ 
tration of the everyday use of a l|~gallon sink heater, 
which is confirmed, for example, by Mr. Ward. Despite 
the surprise expressed by several speakers that the 
water should be used for culinary purposes, this prac¬ 
tice is followed in thousands of houses with every 
satisfaction. 

As mentioned by Mr. Ward, the problem of designing 
a good anti-drip device is not yet fully solved, but it is 
a matter which is constantly engaging the attention of 
manufacturers, and improved designs may be expected'. 
In any case I would not agree with Mr. Eden that a 
pressure type of heater is to be preferred on this account, 
since the loss from the expansion pipe would probably 
be greater than the small amount of hot water wasted 
by the slight imperfections of existing types of anti-drip 
devices. 

Designs suitable for Hard Water. 

As the discussion showed, the problem of designing 
small heaters which will not suffer from excessive 
deposits of scale is probably the most important aspect 
of the whole subject for those who have to deal with 
hard-water districts. I am indebted to Mr. Edgell for 
giving so much information about his experience at 
Gloucester, where the water is not only very hard but 
also appears to cause a form of scale which is particularly 
adherent and difficult to deal with. 
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In general, two methods of dealing with scale forma¬ 
tion have been developed. The first—and probably the 
simpler—is to design the heating elements so that they 
descale themselves. 

The second is to design the whole water heater so that 
scale formation is avoided as far as possible or so that 
there is a type of scale formed which can be carried 
away with the water. 

One of the best-known solutions by the first method 
is a highly loaded element which, by movement during 
heating and cooling, will crack off the scale deposited on 
the surface. It is well known that this method is entirely 
effective in preventing deposits of scale from building 
up to a dangerous thickness when used in many different 
kinds of water of medium hardness. In obtaining the 
best results it is of assistance, as suggested by Mr. Scott, 
to make the general shape of the element such that it is 
deformed as much as possible by thermal expansion and 
contraction. The deformation of the cross-section, 
however, plays a greater part than Mr. Newman sug¬ 
gests because, although scale is strong in compression, 
the element tube inside it contracts in a water heater 
owing to cooling (though probably not in the marine 
evaporator mentioned by him), thus tending to separate 
the scale from the element. 

Even when deposition of scale on the element can be 
avoided in this way, the accumulation of scale in the 
interior of the heater may be a serious matter and, 
although the easily removable design of outlet tube 
mentioned by Mr. McKenzie reduces maintenance work, 
it would clearly be better if scale formation could be 
prevented. The easiest way of doing this is to reduce 
the temperature of the water, but, as was pointed out 
by several speakers, some waters deposit scale at tem¬ 
peratures as low as 130° F. so that this is not a complete 
remedy in all cases. Another straightforward method 
of dealing with waters that are not too hard is to reduce 
the loading of the element to a value of, say, 10 watts 
per sq. in. of element surface. The results of Mr. Edgell’s 
experience show, however, that in dealing with some very 
hard waters there are other factors which may have an 
even greater effect. 

In order to explain these factors the chemical and 
physical actions taking place when hard water is in 
contact with the heating surface must be understood. I 
am generally in agreement with the explanation given by 
Mr. Sanders, and I believe the following description 
represents the actions taking place. Chemical analysis 
of scale discloses calcium carbonate as a principal salt 
precipitated, but the salt contained in the water is prob¬ 
ably the soluble calcium bicarbonate Ca(HC0 3 ) 2 . The 
molecules of this, also the similar magnesium salt, are 
held in solution by CO a molecules. The latter, however, 
have a tendency to break down with increasing tem¬ 
perature, particularly when accompanied by agitation 
or shock:— 

Ca(HCOj) a + Heat = CaC0 3 + CO a + H a O 

The evolution of C0 2 is therefore accompanied by the 
formation of the insoluble carbonate. This action is 
brought about by heat or shock and, as Mr. Edgell says, 
it is important to design the heater so that the heated 


water does not flow up a long vertical heating element. 
Such an element will not only cause a greater temperature- 
rise towards its upper end but will also promote a rapid 
turbulent convection flow. This theory is borne out by 
a comparison of the No. 3 and No. 4 heater interiors 
which Mr. Edgell exhibited, the taller element (in No. 3) 
showing greater scale deposit (mostly at its upper end) 
than the heating element in No. 4, which was only half 
the height of that in No. 3. This is also the general 
experience with immersion heaters fitted to existing hot- 
water tanks, where a horizontal position invariably leads 
to less deposition of scale than a vertical position. In 
addition to the question of avoiding deposit of scale on 
the heating element, it is almost of equal importance to 
ensure that the outlet tube, thermostat stem, and other 
interior parts, are not subject to scale formation. The 
No. 1 heater interior to which Mr. Edgell refers had a 
reasonably small deposit on the heating elements (these 
having a heat density of only 5 watts per sq. in.), but the 
top end of the outlet tube became choked with scale 
because the mushroom cap with which it was fitted was 
very near the ascending flow of hot water from the 
heating elements and thus caused turbulence which 
deposited scale. 

It is on these grounds that the top-outlet type of 
heater illustrated at (a) in Fig. 5 a of the paper has been 
found to be free from scaling of the outlet tube. When 
the outlet tube takes the more usual form of a stand 
pipe it should be of large diameter, of uniform bore, and 
free from any fitting which would cause turbulence. In 
the same way the inlet baffle should be designed to give 
as smooth a flow of water as possible. 

Another factor which plays a part in determining the 
amount of scale which will be deposited in a heater is 
the type of crystal formation. Calcium carbonate is 
found in nature in widely different crystalline structures; 
as aragonite it occurs in needle-like crystals, while as 
calcite or calspar the crystals are shaped more like a 
cube. Other varieties are known, such as satinspar, 
which in the mass has a fibrous structure. Examination 
of scale deposits shows that the formation of calcium 
carbonate in a water heater exhibits similar variations 
and that some varieties adhere more strongly than others. 
Moreover, the variation in character of scale deposit 
with different heaters using the same water indicates 
that the temperature and perhaps the surface finish of a 
heating element has an effect on the texture of the scale 
formed. Recent investigation leads to the hope that, 
in future, heaters may be designed in which such scale 
as is formed remains in suspension in the water and is 
carried away, leaving no deposit inside the heater; but 
research on these lines is made all the more difficult by 
the variation in scale-forming propensities of different 
waters. 

Cistern-type Heaters, 

I regret that Mr. Osborne and others did not appre¬ 
ciate that, in referring in the paper to the pressure in a 
cistern-type heater being limited to the head of water 
between the bottom of the container and the top of the 
ball-valve tank, I was considering only the internal 
pressure, in so far as it refers to the question of whether 
a rectangular shape is permissible. The size of feed 
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pipe necessary depends, of course, upon whether the 

leater is of the constant-temperature or the constant- 
volume type. 

Immersion Heaters and Circulators. 

As might be expected, the design of the heating ele¬ 
ments for fitting in existing hot-water tanks and cylinders 
gave rise to a considerable amount of discussion The 
most controversial point is whether the heating element 
should be mounted horizontally at the bottom of the 
tank or m the top, more or less vertically downwards. 
Any Prominence given in the paper to the latter arrange¬ 
ment arose from its wide use in the North of England 
w ere hand control is often employed in small houses! 
Evidence was given by Mr. Lee and other speakers of 
the small size of cylinders in general use, and, as is 
mentioned m the paper, in such cases it is particularly 
poitant to install a type of circulator which will give 
thorough heating of the whole contents of the cylinder 
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I am indebted to Mr. Osborne for Fig. B, illustrating 
the performance of a side-entry circulator which com¬ 
bines quick recuperation with a large amount of heat 
storage, and appears likely to give satisfactory results 
with soft water. 

Questions were raised by several speakers as to 
external (“ side-arm ”) circulators and belt-type heating 
elements. The former may sometimes be of advantage 
in soft-water districts for converting calorifiers, and the 
latter, if carefully fitted, may be of advantage with hard 
water; but both tend to suffer from increased radiation 
loss. 

Lagging for Existing Tanks and Cylmders. 

Other lagging materials, apart from granulated cork, 
were mentioned in the discussion; of these, glass-wool 
and crinkled aluminium foil have a lower heat loss but 
are more expensive in first cost. Red cedar-wood fibre, 
mentioned by Mr. Grierson, is easier to apply in some 
cases, but test results given by Mr. McLean show that 
the heat loss of tins material is appreciably greater than 
that of cork. It is true that granulated cork " packs ’* 
slightly, but allowance can easily be made for this by 
filling the containing box to a slightly greater height 
than is actually required. 

In reply to Mr. Eden’s remarks on Fig. 9, I would 
point out that this relationship was only claimed to 
hold good for slight temperature-differences, for which 
the logarithmic cooling curve can be approximated to a 
straight line. 


Automatic versus Hand Control. 

Except for the very poorest class of user, I agree with 
Mr. Howarth and Mr. Onley that automatic control or 
a combination of hand and automatic control is desirable. 
The omission of a hand switch probably caused the 
unfortunate experience with automatic systems to which 
Mr. Rawll refers. I do not agree, for reasons given 
m the paper, with the policy of making thermostatic 
controi or lagging the subject of an extra charge or some 
differentiation m the terms of payment, and Mr. Swale's 
experience supports this view. As M'r. J. L. Carr re¬ 
marks, ” the ultimate aim should be to provide a con¬ 
tinuous supply of hot water.” The use of electric 
eating merely for boosting purposes is not likely to 

bring about the greatest appreciation of the service by 
the user. . ' 
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Installation Practice. 

Considerable discussion took place on installation 
problems and space does not permit of reference to all 
the detailed points, some of which were answered by- 
other speakers. I agree that there may be some danger 
due to electrolytic or other deleterious action if copper 
pipes are used with galvanized-iron tanks; it is for¬ 
tunate from this point of view that the use of copper 
cylinders appears to be increasing in parts of the country 
where iron tanks were previously used. 

In regard to the reduction of heat loss from expansion 
pipes, the method described in the paper of arranging a 
short horizontal length is generally effective for the 
larger sizes of iron pipe. For smaller copper pipes, 
however, there is greater loss by conduction which prob¬ 
ably explains Captain Coxon’s experience. There is 
danger in dipping the pipe because this may lead to an 
air lock, as described by Mr. Sanderson. 

As regards the installation of a separate water heater 
at the point of use in preference to a long length of hot- 
water piping, each case must be considered on its merits. 
The figures given in the paper were quoted as an example 
of the order of magnitude of the losses involved. 

Several speakers doubt the practicability of con¬ 
verting calorifiers, but, as is pointed out in the paper, 
space can easily be found for the fitting of one type of 
immersion heater or another and, as regards the possi¬ 
bility of heat loss in the primary circulation system of 
the boiler, there is usually no likelihood of this taking- 
place when both flow and return pipes follow a down¬ 
ward path from the calorifier as shown in Fig. 11. If, 
however, the calorifier is very tall, or has sufficient tem¬ 
perature-gradient to give a difference of temperature 
between the top and bottom of the calorifier which will 
cause primary circulation, a gate valve should be fitted 
in the primary circuit to be closed when the electric 
heating is in use. A valve must also be fitted, of course, 
if the primary return pipe follows an upward course to 
supply radiators in series with a calorifier instead of in 
parallel as shown in Fig. 11. 

With regard to Mr. Grierson’s criticism of the state¬ 
ment in the paper that hot water will not circulate down¬ 
wards, perhaps this should have been qualified by saying 
that hot water will only flow downwards if it is first 
made to flow upwards. 

Electricity Supply Policy. 

The first point that arises on this section of the paper 
is the question of high versus low loading of heaters. 
Study of the load curves of an undertaking supplying 
residential areas shows that peak-load times are not 
sufficiently definite nowadays for there to be much hope 
that highly-loaded heaters will always be switched off 
at times of maximum demand, as suggested by Mr. 
Grierson. One is therefore forced to the conclusion that 
reliance can only be placed on the general characteristics 
of the load; and test results show, as illustrated in 
Fig. 15, that low-loaded heaters give much better load 
characteristics. 


I agree with Mr. J. L. Carr that the load characteristics 
of hand-controlled circulators appear to be more akin to 
those of the radiator load than to those of the storage- 
heater load. Mr. Rawll suggests that the load charac¬ 
teristics of the whole domestic load should be investigated, 
but if improvement in this direction is to be obtained 
the load characteristics of the components—such as 
cooking, space heating, and water heating—need to be 
studied separately; and, as water heating has the 
inherent advantage of energy storage, I suggest that 
further study of its load characteristics is desirable. 

At the same time, I do not agree with Mr. Rowson’s 
sweeping strictures on the electricity supply industry, 
which, as he must know, is already supplying less 
remunerative loads than water heating at prices which 
are lower than those charged in America. Nor is the 
experience in New Zealand, to which he refers, a safe 
guide to probable developments here, since the load in 
that country is almost entirely composed of special 
water heaters used in dairy work. It is also beside the 
point to discuss the way in which water heating might 
overshadow other loads, since sound economic develop¬ 
ment must be based on a rational expansion of all 
classes of supply. The benefit of devoting more atten¬ 
tion to electric water heating than has so far been given 
to it by some supply undertakings in this country can 
be seen from a study of results obtained at Basle, 
Amsterdam, and other places. 

It is generally agreed that no restriction of electricity 
supply which would interfere with the hot-water service 
to the user can be tolerated. Incidentally, Mr. Cunliffe 
puts forward a rather ingenious method of making a 
modified form of restriction more acceptable to the user, 
but I am doubtful whether this would be satisfactory in 
practice, primarily because most electric water-heating 
installations should be under automatic and not hand 
control, and, secondly, because even energy at a discount 
would probably be regarded, in effect, as a restriction 
of the service. 

The methods of load-levelling mentioned by Mr. Eden 
and Mr. Roberts are only of advantage in reducing the 
demand on the service cable and on the distribution 
system in the immediate vicinity, and do not help to 
improve the general load characteristics of the whole 
system. 

I appreciate Mr. J. L. Carr’s opinion that ultimately 
the need for time control will be demonstrated. Mr. 
Hallowell’s experience of the practical application of a 
ripple control system is of great interest, although I do 
not agree with his analysis of the cost of supplying a 
2-kW water heater, because the maximum demand of 
0-95 kW, after allowing for diversity, may not, and in 
most cases does not, coincide with the chargeable maxi¬ 
mum demand either on the distribution network or on 
the whole system, 

As was mentioned by Mr. Osborne, the installation of 
ripple control systems will enable the characteristics of 
the water-heating load to be determined throughout the 
day, and the results of tests of this kind will be awaited 
with interest. 
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SUMMARY 

For many solid dielectrics the rate of generation of heat in 
an alternating electric field increases approximately expo¬ 
nentially with the temperature. For such materials, not only 
the condition for a steady state and the temperature distribu¬ 
tion in it, but also the time variation of the temperature, both 
when a steady state exists and when the field is above the 
critical field for which thermal instability occurs, is of interest 
and importance. The present paper is concerned with the 
process of evaluating, for the transient case, the solution of 
the equation of heat conduction in one dimension for such a 
material, and gives some results. 

The solutions evaluated are believed to be the first calculated 
for a non-linear variation of generation of heat with tempera¬ 
ture, and show a close correspondence with the results of tests 
on actual materials. Particularly the ultimate catastrophic 
rise of temperature, in fields just above the critical field which 
leads to breakdown, is clearly shown by the solutions. This 
behaviour cannot occur if the rate of generation of heat varies 
linearly with temperature, but these results show that it is 
unnecessary to postulate any other cause (such as deteriora¬ 
tion) beyond the exponential variation of heat generation with 
temperature to account for it. 


exhibit in varying degrees in alternating electric fields is 
usually found to increase continually with the tempera¬ 
ture. In using these materials it is necessary to restrict 
the maximum temperature-rise within the body of the 
material to a safe value at which the material can with¬ 
stand the applied electric stress continuously; in other 
words, to ensure that it is thermally stable. It is there¬ 
fore of interest to consider the way in which such a steady 
state is attained, and the temperature distribution 
associated with it. 

It is also of interest to examine the variation and 
distribution of temperature under conditions of applied 
electric stress in which thermal instability arises, i.e. 
under which the maximum temperature in the material 
never reaches a steady value but continues to rise until 
it attains a value at which the intrinsic electric strength 
of the material becomes less than the applied stress, and 
breakdown occurs. The time required for breakdown! 
to occur will clearly depend on the degree to which the 
critical condition for thermal instability is exceeded, and 
the relation between these quantities may be of interest 
in giving limits to the time for which it is safe for the 
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(1) INTRODUCTION 

The variation and distribution of temperature in a 
material in which heat is being generated at a rate which 
depends on the temperature is a subject of considerable 
technical importance. It arises in both the testing and 
use of solid insulating materials, since the power loss, 
and consequent heat generation, which such materials 
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material to be overstressed to different degrees. 

Thus means of evaluating the solution of the equation 
of heat conduction in a substance in which heat is being 
generated, at a rate depending in a definite way on the 
temperature, would be of some technical value and im¬ 
portance. It does not yet seem practicable to evaluate 
such a solution, even for a steady state, except for 
simple geometrical shapes of the boundary. But, for 
the geometrically simplest special case in which the'flow 
of heat is one-dimensional, it has been found possible to 
obtain solutions, not only for the steady state, but for 
transient cases, in which the temperature distribution 
varies with time; and a few such solutions and the means 
of evaluating them may be of some interest. 

For a rate of generation of heat which, for a given 
field, increases linearly with the temperature, the equa¬ 
tion of heat conduction is linear and, for simple boun¬ 
daries, can be solved formally; a solution for the one- 
dimensional case of a slab with faces kept at constant 
temperature has been given by Goodlet, Edwards, and 
FerryBut it follows from these authors' results that, 
although for fields above the critical field (dependent on 
the specimen) thermal instability would occur, this 
instability would be something very different from the 
catastrophic breakdown which occurs for actual 
materials. If the field is only slightly greater than the 

f See Reference (1). See articularly Appendix III (p. 726). 



57 


COPPLE, HARTREE, PORTER, & TYSON: TEMPERATURE IN DIELECTRIC 


critical field, then for a linear variation of the rate of 
heat generation with temperature, the temperature 
ultimately increases as e bt , where b is proportional to 
the excess of the field above its critical value * * * § This is 
a very slowly increasing exponential if this excess is 
small, though in course of time the temperature would 
reach such high values that actual materials would suffer 
physical or chemical deterioration [drying, charring, 
etc.] which would lead to breakdown.]- 
For an actual material in a field above the critical 
field, on the other hand, the temperature may increase 
slowly for a long time, but ultimately a stage is reached 
at which it begins to increase rapidly and then catas¬ 
trophically; moreover, this behaviour may be repeatable 
with a single specimen so long as breakdown has not 
actually occurred, showing that the behaviour is not 
merely an effect of deterioration of the material.]; Since 
the catastrophic breakdown characteristic of actual 
materials does not arise when the rate of generation of 
heat increases linearly with the temperature, but requires 
a more rapid rise (that is to say the curve of the rate of 
generation of heat against temperature must have an 
upward curvature), it follows that any theoretical investi¬ 
gation of this behaviour will involve the solution of a 
non-linear form of the equation of heat conduction. 

this equation, in one dimension, with boundary con¬ 
ditions of the kind which will generally occur in cases of 
practical interest, is a partial differential equation in two 
variables of a type that can be handled by a method 
which has recently been discussed by one of us,§ and 
which, since it is not restricted to linear equations, can 
be used in cases in which the variation of the rate of 
generation of heat with temperature is such as appears 
necessary to account for the breakdown phenomena 
observed. This method is very well suited to mechanical 
integration by the differential analyser of Dr. Bush,[| and 
the woi'k described in the present paper was done as the 
first experiment in the application of the differential 
analyser to this method of the solution of partial differen¬ 
tial equations. For some of the work only a rough form 
of the method was used, as the work was intended to be 
exploratory, rather than to obtain precise results. But 
the results, such as they are, are interesting both as 
showing a qualitative agreement with the behaviour of 
actual materials, and as illustrating the possibility of 
applying the differential analyser to problems of this 
kind. 


(2) EQUATION FOR TRANSIENT TEMPERATURE 
DISTRIBUTION, AND ITS REDUCTION TO 
NON-DIMENSIONAL FORM 

Consider the one-dimensional flow of heat in a speci¬ 
men consisting of a parallel-sided slab of material. 
Goodlet, Edwards, and Perry*! have shown that for many 
solid dielectrics in an alternating field of intensity E, 


the rate of generation of heat per unit volume, G, at 
temperature 9 can be expressed closely by the formula 

G = a E 2 ey 0 .( 1 ) 

where a and y are constants characteristic of the material. 
This relation is only an empirical one and is only approxi¬ 
mate, and in real materials the variation of temperature 
through the slab may result in a non-uniform distribu¬ 
tion of electric stress; but for simplicity, and to restrict 
■the number of parameters on which the solution depends, 
it will be supposed that the rate of generation of heat 
is given exactly by (1), and that E is constant through 
the slab. The present work is not concerned with the 
mechanism of such a rate of generation of heat, but with 
its consequences, as shown by the variation and distribu¬ 
tion of temperature in the slab. In particular, it is of 
interest to examine whether such a generation of heat is 
adequate to account for the time variation of the tem¬ 
perature actually observed in real materials. 

If the material is of specific heat c, density p, and con¬ 
ductivity h (all of which are assumed to be constant), the 
equation of heat conduction with a generation of heat 
given by (1) is 

W tfO . 

Cf, u = h *Z + a ®‘ y ■ ■ ■ ■ (2 > 


The boundary conditions for the solution will usually 
be the temperature distribution through the slab at 
t = 0, and terminal conditions at the two faces of the 
slab for all time; these conditions will usually be in the 
form of given temperatures or given rates of heat transfer, 
or given relations between these quantities, at the two 
faces. 

In order to show to what extent the results are inde¬ 
pendent of the dimensions and characteristics of a 
particular specimen, it is convenient to reduce the 
equations to non-dimensional form. If 9 0 is the ambient 
temperature and Z is a typical length, and we use the 
non-dimensional reduced variables 


cf) = y(9 — 9 0 ), £ = xfl, r — (lc[cpfi)t . 

equation (2) becomes 


where 


bcf) b^cf) 

<5r Z>£ 2 


+ /3e^ 


/3 = ycx.e ye oE z fifk 


■ (3) 

• (4) 

• (5) 


Thus a set of solutions of (4) with the same initial con¬ 
ditions, for different values of j3, will apply not only to 
a single specimen in different fields E but also to a range 
of specimens of different sizes and materials. 

The work here reported has been concerned with the 
solution of (4) with the simplest boundary conditions, 
namely the initial conditions 

<f> — 0 at r — 0.(6) 

and the terminal conditions 


* This follows formula (14) of Reference (1). 

• t , As Edwards, and Perry [Reference (1)], point out, even for fielc 

just less than the critical field it is possible that the temperature would rise £ 
Uigh as.to cause such deterioration, although formally there is no true therm: 
instability. Such deterioration might be expressed formally by a variation i 
the coefficients m the assumed linear relation between temperature and rate < 
generation of heat, but such a variation of coefficients is really an indirect wa 
of expressing a non-lmear relation, 
t See, for example, Reference (2), particularly pp. 35-38. 

§ See Reference (3). || Ibid., (4). *f Ibid., (1). 


<£ = 0 at 1 = 0, £ = 4 

(so that the typical length l is a quarter of the thickness 
of the slab), or the equivalent conditions 

<^ = 0at£ = 0;^ = 0at| = 2.. . . (7) 
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It would be perfectly practicable to carry out the 
solutions for other forms of boundary conditions, but 
these seemed the simplest for a first trial of the method. 
This choice of boundary conditions reduces the number 
■of independent parameters on which the solution depends 
to one, namely f3. A symmetrical case with Newton’s 
law of cooling at both surfaces, which would correspond 
more closely to practical situations, would involve two 
independent parameters, namely j3 and the reduced value 
of the coefficient relating temperature gradient and the 
temperature itself at the surface. 

The solution of equation (4) with B</>/Br = 0 is enough 
to establish whether a steady state is possible, and the 
temperature distribution in such a state, and such in¬ 
vestigations have been carried out by Dreyfus and others 
for more general boundary conditions.* But by the 
nature of the case such an investigation can neither show 
how the steady state is approached, nor give any in¬ 
formation as to the behaviour of the temperature when 
no steady state is possible, and the determination of this 
transient behaviour has been the main purpose of the 
present work. 

However, in order to get some idea of the values of 3 
for which to attempt solutions for the transient case, it 
is necessary first to consider the steady state. 

This is done in Appendix I, where it is shown that 
for these boundary conditions the critical value (3 0 of /3, 
above which no steady state is possible, is /? 0 = 0-220. 
It is also shown that the value of <f> 0 , the reduced tem¬ 
perature at the centre of the slab, is then <f) a = 1-19. 
Taking Goodlet, Edwards, and Perry’s values for a 
poor ” material, for example, namelyf 

Jc — 1-6 X 10~ 3 (watts per cm 2 )/(deg. C. per cm.) 

■ae^o = 30 x 10~ 6 (watts per cm?)/(kV per cm.) 2 at 90° C. 

y = 2-7 x 10- 2 (deg. C.)- 1 , 
we have:— 

limiting voltage across slab == 4EI = 84 kV. 

Limiting central temperature above ambient tempera¬ 
ture 

d c ~ 6 0 = (j>dy = 44° C. 

It should be noted that the field E and the thickness l 
of the specimen occur here only in the combination El ; 
this is a consequence of the ideal boundary conditions 
taken.J Another result worth noting is that the limiting 
value of 9 0 —■ 9 0 depends only on y and not on other 
■characteristics of the specimen. 

(3) PROCESS OF SOLUTION OF THE EQUATION 
FOR THE TRANSIENT TEMPERATURE DIS¬ 
TRIBUTION 

The process of solution used to evaluate the transient 
temperature distribution, to which reference has already 
been made, depends essentially on replacing the partial 
■differential equation (4) approximately by an ordinary 
■differential equation, by replacing the time rate of change 
of temperature at each point by the change of tempera¬ 
ture in a finite interval of time, while retaining'the space 
derivatives. This ordinary differential equ ation can then 

* See, for example, References (5), (6); also Reference (1), pp. 110,-11. 
t See Table S .of Reference (1). v h " 

} Cf. Reference (1). 


be solved, and a correction can subsequently be applied 
for the error made in replacing the time rate of change 
by the change in a finite time-interval. 

Writing suffixes 0 and 1 for the values of quantities 
at t = r 0 and at r — r x — r 0 + Sr, we can replace 
B<^>/Bt by (fa — fa)j8r, and, to the same approximation, 
we can replace B^/B^ 2 by |[(B 2 ^ 1 /B| 2 ) + (B 2 0 o /B| 2 )j and 
so on, so that (4) can be replaced by* 

= 1^2^i + &>) + + e ' h ) • (8) 

Alternatively, to the same order of approximation, the 
heat-generation term can be replaced by the geo¬ 
metric mean of its values at the beginning and end of the 
time interval, instead of by the arithmetic mean; and 
(4) replaced by 

^- ■ g r ^ Q = + 4>o) + . . (9) 

which happens to be more convenient for setting up on 
the differential analyser. The initial temperature dis¬ 
tribution, that is to say fa as a function of £, is known, 
and this is now an ordinary differential equation for the 
final temperature distribution fa as a function of 

The final temperature distribution fa for one time- 
interval Sr then becomes the initial temperature dis¬ 
tribution fa for the next. 

Further, it is possible to correct for the main part of 
the error introduced by replacing (4) by (9). This is 
done by covering the same range, say from r = 0 to T, 
by two independent integrations, one with intervals 
Sr — A and the other with intervals Sr = 2A. The 
temperature </> at a given place f and time r, calculated 
by the solution of the approximate equation (9), will 
depend on A as well as on £ and t; it can be shownf that 
the leading term in the error is proportional to A 2 and 
so is 4 times as large for the calculations with the large 
intervals as with those for the small intervals. Thus 
from the two separate integrations the error in each can 
be estimated and allowed for. It is clear that in order 
to apply this process an even number of intervals must 
always be taken at the small r-spacing. This re fin ement 
was only used in part of the work with which we are 
here concerned, since a trial showed that with the size 
of r-interval used this correction for the finite size of 
the interval was usually small, and, as already explained, 
the present work was regarded as exploratory rather 
than as intended to give accurate solutions of the 
equation. 

The application of the differential analyser to the 
evaluation of the solution of equation (9) is considered 
in Appendix II. 

The solution of (4) with boundary conditions (6), (7) 
has.a singularity at r = 0, and although the singularity 
is not a very severe one its presence means that the 
process of correction for the finite length of r-interval 
is. not valid in its neighbourhood, so it is advisable to get 
away from r = 0 before starting the mechanical inte¬ 
gration. This can be done, since for small r, while the 

* It is not necessary here that the variation of the rate of generation of heat 
with temperature should be exponential; the argument would apply whatever 
the law of this variation, 
t See Reference (3) for a fuller investigation. 
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temperature-rise is still small, the exponential e^“ in the 
term in (4) expressing the rate of heat generation can 
be replaced to adequate accuracy by 1 or by (1 -f <£), 
and a formal solution of the equation can then be found 
and evaluated (see Appendix III). 

(4) RESULTS 

Solutions of (4) have been carried out for the three 
cases j3 — J, and The cases /3 = £ and were 
chosen for the first experimental work, to try out the 
method and see the general behaviour of the solutions. 
For both these cases the integration was started from 
r = J, and the partial differential equation was replaced 



distribution was calculated from formula (24) (Appen¬ 
dix III); Figs. 1 and 2 show the time variation of the 
reduced central temperature <f > c ; the plotted points show 



Fig. 2.—/? = 4. Calculated time variation of central 
temperature. 


by the ordinary differential equation (8). For £ 
the temperature distribution at r — from which the 
integration was started, was calculated from formula (23) 
(see Appendix III); the greatest value of cf> at this value 


the r-values at which the solution was evaluated, and 
the spacings between them show the sizes of interval 
used. An even number of intervals were taken at each 
r-spacing, in preparation for the use of intervals of 



Fig. 3.—Time variation of central temperature. Calculated results for ,/3 = and curves for /5 = J and | 

drawn on same scale for comparison. 

of r was 0*03 and, to the accuracy of the input plot for double size and the application of the correction for the 
the machine solution, it was not necessary to use a more finite length of interval mentioned in Section (3). But 
accurate solution. For j3 = the initial temperature for the case /3 = I*, trial with a single interval r = 
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to £-, and comparison with the results for the two in¬ 
tervals r = J to and J to f-, showed that the correction 
for interval length was inappreciable for the intervals 
used, and this process was not used for either of these 
values of fi, as it seemed unlikely that it would affect the 
general behaviour of the solutions. 

For = -J, the central temperature was clearly 
approaching its steady value (shown in Fig. 1), and the 
solution was stopped at r = 7f; for /? = f it was in¬ 
creasing rapidly at r = 2-J-, and breakdown would 
clearly occur a very short time later. 

A solution was then carried out for j3 = J-, using 
equation (9). This value of j8 is only slightly above 
the critical value = 0-220, so the behaviour of the 
solution was likely to be more interesting than for the 
other two cases, and, since it might also be more sensi- 


Curves showing the time variation of the central tem¬ 
perature for£ = | and | (cf. Figs. 1 and 2) are reproduced 
in Fig. 3 on the same scale as the curve for /3 ~ {, for 
comparison. 

Curves showing the calculated temperature distribu¬ 
tion through the slab (or rather through half of it) for 
^ — -Jr at successive times are shown in Fig. 4. 

These results show that the application of the differen¬ 
tial analyser to partial differential equations of this 
type is quite practicable. It should be pointed out, 
however, that the amount of work involved in obtaining 
even a single solution is considerable. A trial and error 
must be used for satisfying the terminal conditions 
(cf. Appendix II), and this means that each interval, 
requires a large number of machine runs (as illustrated 
by Fig. 10), and altogether the number of runs involved 
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Fig. 7. Two 8-in. square pieces of board, \ in. thick, 
were separated at the centre by an earthed tinfoil 
electrode, and were clamped together between two 4-in. 
diameter brass-disc electrodes connected to the high- 
tension lead. The whole was supported under trans¬ 
former oil maintained at a steady temperature of 90° C., 
and was allowed to attain this temperature throughout 
before the test voltage was applied. This high ambient 
temperature was adopted in order that breakdown would 
be likely to occur at voltages well below those for which 
sparking would take place round the edge of the boards. 
The temperature-rise at the centre of the dielectric 
assembly was measured by means of a thermocouple 
located at the earthed electrode. 

Fig. 5 shows the time variation of central temperature 
d c and of tan 8, where 8 is the loss angle, in an experi¬ 
ment in which the applied voltage was gradually increased 
by steps; the earlier portions of the curve of central 
temperature (e.g. the portion at 10 kV applied voltage) 
have very much the same form as the calculated curve 
given in Fig. 1. Fig. 6 shows the results of three experi¬ 
ments, each at a constant applied voltage; these suggest 
that for these specimens the applied voltage of 14 kV 
was just in excess of the critical voltage, corresponding 


Tinfoil 

sheets 


Brass disc 


Bakelite board 


Earth and 


/ 

thermocouple 

/ 

Ai 


H.T. 


lead 


Brass 

disc 


Fig. 7 


closely to the condition for which the theoretical curve 
j8 = £ of Fig. 3 was calculated, and that the applied 
voltage of 16 kV was substantially in excess of the critical 
value, so that the resulting curve (c) has the general form 
of the calculated curve of Fig. 2. 

These are the only available results known to the 
authors that have been carried out on thick specimens, so 
that the thermal resistance at the faces of the slab is 
probably small compared with the internal thermal 
resistance, and in which the central temperature has 
been measured. In tests of this kind it is more usual to 
measure the loss angle 8, which is a measure of the rate 
of generation of heat through the whole material, and so 
is related to some weighted mean temperature; though, 
since hr this mean the central temperature will have the 
greatest weight, the loss angle can be taken roughly as 
an indication of the central temperature, as can be seen 
by comparing the curves for these two quantities in 
Fig. 5. 

Qualitatively similar results are obtained on thin 
sheets of insulating material and some such have been 
published;* but in these the main thermal resistance is 
at the face of the material rather than in its interior, 
whereas for simplicity in these first experiments in the 
use of the diflerential analyser on partial differential 
equations we have taken the ideal boundary condition 
<f> — 0 at the faces of the. slab. However, though the 
inclusion of a moderate thermal resistance at the faces 

* See, for example, References (2) and (7). 


would alter the quantitative results (for example, the- 
critical value of /3 and the details of the behaviour of the 
solution), it would not be likely to alter the general 
nature of the solution, so that it is not surprising that 
experimental results on the loss angle of materials, under 
conditions in which the boundarjr thermal resistance is 
not too high, should be of the same general form. 

The results shown in Fig. 3 show that a generation of 
heat at a rate increasing exponentially with the tempera¬ 
ture is adequate to account for the kind of temperature 
variation observed in insulating materials in alternating 
fields. In particular, it accounts for the catastrophic 
rise of temperature preceding breakdown which occurs 
when the field is greater than the critical field for thermal 
stability, and which, as Goodlet, Edwards, and Perry 
have shown, cannot be explained on the basis of any 
linear relation between rate of generation of heat and 
temperature. In actual materials such a rise of tempera¬ 
ture will, sooner or latex, be accompanied by deteriora¬ 
tion of the material, which will probably exaggerate the 
effect; but it is clear that it is not necessary to postulate 
such a change of properties in order to account for a 
temperature variation of the kind observed. 
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APPENDIX I 


The Steady State 

For a steady state, equation (4) reduces to 


8 2 cj) 

w 




t) 


which can be solved exactly as follows. 

Multiplying by 28c/>/^ and integrating, we have 

(c^/c)f) 2 -f 2/3e'/> ™ 2/3e</'«, 

where fa is the reduced temperature at the centre of the 
slab, which will be determined later in the solution. The 
substitution 

cosh u = eF'F ~ VO .... ( U)). 

gives (fm/Df) 2 = |/3c'K 

whence, since u — 0 at the centre (£ ~ 2), 

u = {$e'i>°)i(£ ~ 2) .(U> 
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But 0 = 0 at g — 0; hence from (10) and (11) the central 
temperature <f> c must be given by 

cosh [(2jS)M'^jj = eh/*" 

The further substitution 

(2 /3)ie%'l ,c — z 

reduces this to 

cosh z = 3/(2/?)'! .... (12) 

so that z is given by the intersection of the curves of 
cosh z and s/( 2j3)% (see Fig. 8). It is clear that for values 
of [3 above a limiting value /3 0 there will be no intersection 
and therefore no possible steady state; the corcesponding 
value of the electric field E given by (5) is therefore the 
field above which thermal instability occurs with the 
boundary conditions considered. The critical value is 
clearly given by the condition that the root z Q of (12) for 



= jS 0 should be a double root; this leads to the 
relations 

cosh z 0 = *o/(2j8 0 )*, sinh z 0 = l/(2/? 0 )* 

whence z Q = 1-200, /3 0 = 0-220. Also the reduced 
central temperature 0 C in the steady state in this limiting 
case is 

cf) c = 2 log 6 cosh z 0 = 1-19. 

APPENDIX II 

Application of the Differential Analyser 
(a) Machine Set-up. 

The differential analyser is a machine for evaluating 
the solutions of ordinary differential equations. It con¬ 
sists of a number of integrators (each of which is a pre¬ 
cision form of continuously variable gear), which can be 
interconnected by shafts and gearing so that the relation 
between the rotations between different shafts of the 
machine satisfies the equation to be solved; then the 
rotation of one shaft, representing the continuous increase 
of the independent variable, drives the rest of the machine 
in accordance with the equation. For fuller accounts of 
the machine and its mode of application, the reader is 
referred to the more detailed accounts which have been 
published* 

* See References (4), (8), (9), (11) 


Since the differential analyser only handles directly 
ordinary differential equations, a partial differential 
equation has to be reduced (exactly or approximately) to 
one or more ordinary equations before the machine can be 
applied to it. In special cases, when the variables are 
separable, this can be done exactly, but in other cases it 
is necessary to resort to an approximation. A convenient 
approximation, and a means of correcting for the greater 
part of the error introduced by making this approxima¬ 
tion, is explained in the text [cf. Section (3)]. As the 
application of the differential analyser to partial differ¬ 
ential equations is an important extension of its range, 
and as the work described in this paper forms the first 
example of this application which has been made, it 
seems desirable to give a short account here of the way 
in which the solution of the equation was carried out. 

As shown in the text, the equation whose solution is to 
be evaluated is [cf. Section (3)] 

|s(4x + 4») = - A>) - + +"> • (13) 

where the initial temperature distribution, namely 0 O as a 
function of is known, and the final temperature distri¬ 
bution after a time interval Sr, namely 0-, as a function of 
f-, is to be found. The boundary conditions are 

0 = 0 at £ = 0, ^J = 0 at £ = 2 . . (14) 

The equation (13) can be set up on the differential 
analyser in several different ways. Fig. 9 shows a 
schematic diagram for what seems the simplest set-up; 
Bush’s standard notation for the units of the machine 
is followed.* The actual set-up used was slightly dif¬ 
ferent in details; the modification leading to the set-up 
shown in Fig. 9 was not noticed until after the completion 
of this work. 

In setting an equation on the machine, it is often most 
convenient to consider it integrated once with respect to 
the independent variable. For example, (13) would be 
considered in the form 

hfh +4> c ,) = \ [<2/»r)<& - 4») - + < 15 > 

In handling equations of this form, which arise from the 
replacement of a partial derivative by a finite difference, 
it seems likely that it will usually be most convenient to 
supply to the machine the information concerning the 
initial behaviour of the dependent variable in terms of 
the highest derivative occurring in this once-integrated 
form. This is certainly the case with the present equa¬ 
tion, for a reason which will be explained in the following 
Section. Thus we supply 2c»0 o /d|, as a function of £, to 
the machine from the input table. The machine con¬ 
structs <>(0! + 0 0 )/c)| by evaluating the integral on the 
right-hand side of (15). It is necessary to record 230 1 /c)£, 
which will serve as 2h0 o /c5| : for the next r-interval, and 
also to construct D(0 1 — 0 o )/c)|, which must be integrated 
in order to provide the first term in the integrand in (15); 
these are obtained from S(0 1 -f 0 o )/d| and the input 
2D0 o /c)£ by adding units. The exponential eWi + W is 

*• See References (G), (9). 
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generated by integrator IV by solution of the auxiliary t = 2J to 2§; the lightly-drawn curves form a set of 
equation trial solutions with different starting values of* 12 

dz _ _ j. , , _ q , ;1 the appropriate value being marked against each curve. 

dy \V ~~ z\Yi + 9o)> 2 — P e J- The solutions for 12(()^ 1 /i)^)l = o = 21-43 and 21-45 are 

interpolated at* 1024| = 600, and started from there, 
(b) Procedure. and those for 12^/^)^ _ 0 = 21 -44 and 21-445 are 

Equation (13) with boundary conditions (14) is a non- similarly interpolated at 1024£ = 1200. The inter¬ 
linear equation with one boundary condition to be satis- polation at the intermediate values of £ is carried out on 
fled at each end of the range of integration. In general, the readings of the integrator displacements; for example, 
the machine solution of equations of this type can only for = o = 21-4 and 21-5 the machine was 

be carried out by trial and error, since the process of stopped at 1024| = 600 and all integrator displacements 
integration must start from definite values of all relevant read; then the solution for 12(t)^ 1 /^)| = 0 = 21 -43 and 
quantities at a single value of the independent variable. 21-45 were started from here by linear interpolation 
In the present case, the integration was carried out from between these values of the displacements. The heavy 
£ — 0 into the slab, using the known value c/q = 0 at curve B is the final curve interpolated between the curves 
i = 0, and adjusting (bcf> 1 l'b£)g == o by trial and error until for the various trial solutions in such a way as to give 


Integrator IV HI II I 



Output table Input table 


Fig. 9. —Schematic set-up diagram for differential analyser, (Scale factors and signs disregarded.) 

a solution was obtained satisfying the condition D0 1 /t)^=O c5</q/D£ = 0 at £ = 2; this then forms the input curve 

at £ = 2. The form of this boundary condition at the (corresponding to A) for the next time-interval, and so on. 
far end of the range of integration is one reason for taking For the next time-interval only the final interpolated 
as the function supplied to the machine as the curve (corresponding to B) is shown, to avoid confusing 
information regarding the solution at the beginning of the the figure, and for the same reason the curves are drawn 
time interval Sr, and recorded as output. Also, the from different origins. 

adjustment of ('b<f) 1 l'Z)£)g = o so as to make the output Using the special input table, originally designed for 
curve go through the point ~b<f> 1 [b£; — 0 at £ = 2, is both handling the equations of a system with a time-lag, it is 
easier and more sensitive than the adjustment to make possible to supply the input and record the output on the 
the curve of (f> 1 become horizontal there. same sheet of paper (very much as shown in Fig. 10), and 

Solutions with different values of (Tufij7>£)% = o diverge this is convenient as it enables the operator who is. 
rather rapidly from one another as £ increases, especially following the input curve also to see how the trial solution 
for the smaller values of Sr; and instead of going back is behaving, so that as the machine is running he can 
to £ = 0 for each trial solution it seemed best to obtain judge whether this trial solution is likely to be a good 
two which bracketed the correct solution rather closely, approximation or if it should be stopped and a solution 
to interpolate between these at some intermediate value with a different initial value of ’till'd £ tried, 
of g, and to continue the integration from this point. As already explained in the paper on this general 
This process was usually repeated at a later intermediate method of integrating partial differential equations,! 

value of £. An example is shown in Fig. 10. Here there are two ways of applying the correction for finite 
curve A gives the temperature gradient through the slab * The factors 12 and 1024 appear here on account of the scales adopted in the 
at time r = 2J, and so forms the input curve for the step ma j- c s “e Reference ( 3 ), Sec. 3 (ii). 
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length of T-interval. We may either take two small 
intervals Sr = A and. one large one Sr = 2 A from r 0 to 
r 0 + 2A, use the corrected results at r 0 + 2A, and 
continue from there in a similar way; or we may cover a 
range T by two independent integrations, one with a 
series of intervals A and the other with a series 2 A, 
and correct the final results of these two separate inte¬ 
grations. The latter process has mainly been used in the 
present work, when any correction was required. 

If graphs of the distribution of temperature through 
the slab at different times are required, it seems best to 
leave the construction of them until the end of the 
process of integration; they can then be drawn by using a 


for which formal solutions can be found in rapidly con¬ 
vergent series if not in finite terms. Solutions in Fourier 
series can easily be obtained,* but for small r they are 
inconvenient for numerical evaluation as they are only 
slowly convergent, and it is more convenient to make use 
of another form of series, based on the use and inter¬ 
pretation of Heaviside operators. 

For very small r, <f> will be small, and the temperature 
distribution near the one boundary g — 0 will not be 
appreciably affected by the presence of the other boun¬ 
dary, so that to an adequate approximation we can 
replace (4) by (16) and the boundary conditions (7) by 

<f> = 0 at £ = 0, h<^/c)£ -> 0 as £ so . (18) 



subsidiary set-up of the machine to integrate the ?)£ 
curves which have been used as input curves in the course 
of the solution of the equation. 


APPENDIX III 


Starting the Integration 

As mentioned in the paper, it is necessary to use an 
analytical solution in order to get away from the singu¬ 
larity at r = 0 before starting the machine solution. 
This can be done, since for small r, <f> does not differ 
greatly from zero and it may be possible to replace 
equation (4), to an adequate approximation, by 


or by 


2t of 2 +; 


C )T 


+ /?(i + 4 >) 


• ( 16 ) 
• (17) 


Then writing p = g 2 = D/hr 

and solving (16), subject to the conditions (18), we have 
the solution in the operational form 

(f> = 1 - e-fff) . . . (19) 

Now it can be shownf that if Xn( w ) I s H ae ( n + ^-fold- 
repeated integral of (— ) n+1 ( 2 [-\/- 7 T)e~ wZ , with the con¬ 
stants of integration so chosen that x»( 00 ) = 0, then 
the interpretation of q- n e~K is 

q-H-ti = (4r) n / 2 x«(^/2rl) . . . (20) 

so that the interpretation of (19) is 

$ - pr[l ~ *X a (f/2 Ti )] • • • (21) 

* The Fourier series solution of (17) has been given by Goodlet, Edwards, and 
Perry [see Reference (1), Appendix III], 
t See Reference (10), par. 3. 
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The functions Xl (w) an< ^ X4> w ) ^ ave ^ een eva ^ Iia ^ e< ^ 
and tabulated,* and a recurrence formula given by which 
functions Xn( w ) with n > 2 can be calculated, for use in 
this and similar contexts. 

If <p is still so small that (16) is an adequate approxima¬ 
tion, but the slab is so thin that the temperature distribu¬ 
tion is affected by the proximity of the two faces, so that 
the boundary conditions must be taken in the form (7), 
the operational solution is similarly 


<f> = 02 ” 



cosh q (2 — j*) 
cosh 2 q 


■ ( 22 ) 


Expanding in negative exponentials and using (20) to 
interpret the resulting series, this gives 

<f> = j8t[1 — 4x 2 (£/2t*) — 4y 2 <f(4 — D/M} 

+ 4 Xa {(4 + &!**} + • • •] - (23) 

For small r this is very rapidly convergent and is much 
simpler than the Fourier series for numerical evaluation, 
provided that a table of the function Xa (w) * s av£) hable. 
This solution (23) may be regarded as derived by the 
superposition of a number of solutions of the form (21), 
with different origins of in such a way that the result is 
symmetrical about £ = 2 and gives cp = 0 at £ — 0. 

The operational solution of (17) is more complicated 
but not unmanageable. With the boundary conditions 
(18) for an infinitely thick slab it givesf 


4 “ 0r[l — 4x a (£/2ri)] + (/5r) 2 [p — iX 2 (Sl 2ri )} 

- i{l - 32x 1 (f/2T»)}] + . . . (24) 

and a solution satisfying the boundary conditions (7) for a 
finite slab can be built up by superposing solutions of this . 
kind with arguments -^(4 m ± |)/2 (m taking integral 
values), in the same way as (23) for a finite slab is built 
up from the solution (21) for an infinite slab. 

An alternative procedure is to work in terms of the 
difference of the solutions of (4) from that for a constant 
rate of generation of heat. If <f> is the solution of (4) and <D 
is the solution of (16) with the same boundary conditions, 
write 

(f) — ® + \p 


then ip satisfies the equation 
c )ip 
7 >t 

* See Reference (10). 




(25) 


and if — 1 can be neglected compared with. 1 this 
equation can be replaced to an adequate approximation 
by 

^ + ere' 1 ’ - 1] ... (26) 

St t)£ 2 l j 

which has the advantage of being linear, so that its 
solution can be written as the sum of a particular integral 
and a complementary function. Thus the trial-and-erroi 
process, referred to in Appendix II, for determining a 
solution satisfying the boundary conditions, is unneces¬ 
sary in this case. 

Using the solution (23) for €>, (26) can be solved numeri¬ 
cally by the method whose application to the main 
equation (4) has already been outlined in Section (3), oi, 
better, a rough solution for ip can be evaluated from (20) 
and then used in the exponential on the right-hand side 
of (25), following the iterative method suggested else¬ 
where.* For the case j3 = this method was used to 
obtain the temperature distribution at r = !>, from which 
the machine integration was started. 
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SUMMARY 

For the assessment of quality of “solid” or “mass- 
impregnated ” paper-insulated extra-high-voltage cables, no 
combination of simple tests has been found to approach in 
informative value an accelerated ageing test conducted at a 
medium over-voltage with severe cycles of conductor loading. 
The paper describes the technique employed by the authors 
in carrying out such tests and the methods used to correlate 
the results obtained with performance in actual service. The 
life-test histories of a number of experimental cables have 
been selected to illustrate a general discussion of the pheno¬ 
mena observed, and a relation between the over-voltage of 
the test and the life of the cable has been established. The 
paper reports a programme of work that has extended over at 
least 8 years, and it has proved possible to demonstrate by 
means of a family of curves the general trend of improvement 
over this period. The results obtained indicate that 60-kV 
solid-type cables are practicable and that the possibility of 
132-kV solid-type cables meeting commercial requirements 
cannot be overlooked. Arising from the more uniform quality 
of impregnation that is achieved to-day, it is probable that a 
majority of the breakdowns now experienced on test are 
determined by inconsistencies in the make-up of the solid 
components of the cable. It is proposed to discuss in greater 
detail the influence of other factors in a further paper. 
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INTRODUCTION 

In the development of a cable suitable for extra-high- 
voltage transmission there have been four main methods 
of attack: (1) Oil-filled cable. (2) External gas-pressure 
cable. (3) Internal gas-pressure (or gas-filled) cable. 
(4) Cables of normal construction, commonly known as 
“ solid ” or “ mass-impregnated ” cables. 

The devices incorporated in (1), (2), and (3) above, in 
order to overcome difficulties arising from oil or com¬ 
pound expansion during loading cycles, can only be 
justified for cases in which the limitations of the normal 
type of cable are such as to render the cable uneconomic 
or unsafe. It therefore appears to be desirable to estab¬ 
lish what limitations of electrical stress, conductor tempera¬ 
ture, etc., are inherently imposed on normal cables. 

Some 8 years ago, after several years had been spent on 
a research dealing with oils, papers, and the general 
physics of cables, it was decided that a study of actual 
cables in service was vital to the development of really 
high-quality cable of normal type. The research referred 
to had resulted in the detailed design (including proces¬ 
sing specifications) of a 3-core 30-kVJ screened cable 
which has since, without fundamental change, been 
manufactured in considerable quantity and has given 
extremely satisfactory service. Single-core cable, how¬ 
ever, manufactured on identical lines, was somewhat 
inferior in performance. At 60 kV this difference became 
notable, although on the basis of standard acceptance 
tests there was little or nothing to choose between multi¬ 
conductor and single-conductor cables. It became 
evident, therefore, that some form of final check approxi¬ 
mating to “ trial in service ” was necessary to ensure that 
unsatisfactory types of cable were not issued for com¬ 
mercial service. 

Installation in the network of an operating company 
was obviously impracticable in view of the destructive 
nature of the test that was visualized, but it was con¬ 
sidered feasible to design a testing plant to reproduce all 
the conditions under which cable operated and yet give 
the facilities which such a research requires. It was 
realized that the method would be slow to produce results 
and expensive to carry out, but its value.has been amply 
proved by the practical results achieved. 

Solid-core 60-kV single-core cable was originally 
selected as the basic type, partly because of the pheno¬ 
menon referred to above and partly because it was felt 
that this type of cable would always be able to compete 
on an economic basis with the other forms of cable pro¬ 
posed for work at this voltage, provided it could be 


Appendix 1. Lapping Analysis. 

Appendix 2. Visual Assessment of Deterioration. 


* Standard Telephones and Cables Ltd. , „ , , 

f Enfield Cable Works Ltd. (formerly with Standard Telephones and Cables 
Ltd.). 


t In accordance with established custom, the voltage-ratmgs of the cables 
referred to in this paper are expressed in terms of the 3-phase system to which 
they are applicable. Sin.ce testing has been restricted to screened cables, it has 
been considered less ambiguous, although productive perhaps of less impressive 
figures, to express testing voltages throughout as the single-phase voltage from, 
conductor to earth. 
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established that it was capable of operating at a con- the maximum temperature of the conductor must be 
ductor temperature not less than 65° C. for a life not limited to a safe value. One objection at that time to 
notably less than that of solid cables operating at lower the type test was the fact that it was not precisely known 
voltages. Work on solid-type 60-kV cables provided how to relate cables of differing basic power-factor and 

an excellent basis not only for effecting improvements in differing ionization factor in a bulk order to the one or 

the performance of similar cables working at 30 kV and two selected cables tested for stability. This problem, 

lower voltages but also for extending the investigation to incidentally, has been simplified during the intervening 

132 kV if the results justified this course. years by a very considerable improvement in the uni- 

t has been found expedient in some cases to carry out formity of cable production, so that the stability test is 
tests on 10-kV and 30-kV cables, and more recently the now a more representative guide to the performance of 
tests have been extended, as envisaged earlier, to 132-kV the bulk order 


solid-type cables. 

All experimental cables have been processed in the 
factory under closely observed but essentially practical 
conditions, and their characteristics have been watched 
carefully throughout their useful life. Tests have also 
been carried out on standard cables consisting of addi¬ 
tional lengths made up with commercial orders and 
selected from such orders after consideration of the 
acceptance-test results and the process-test results. 
These observations have been supplemented from time 
to time by tests on lengths of cable removed from actual 
service, and these have formed a basis of comparison for 
the artificially aged cable. In certain cases it has been 
found possible to make ageing tests on these returned 
lengths; the results of these examinations and tests 
have all contributed to the analysis of the phenomena 
associated with impregnated paper cables. 

This paper gives a preliminary survey of the work 
carried out to date, in the hope that the results so far 
obtained will assist in allaying certain fears which 
obviously influence cable users not only with regard to 
the use of solid-type cables for working voltages of 60 kV 
and upwards but also with regard to the security of net¬ 
works already installed for operating voltages of less 
than 60 kV. 

Further work is obviously necessary before complete 
elimination of solid-type cable deterioration can be 
achieved and also before the ideal acceptance test can be 
evolved. The present paper, however, gives some indica¬ 
tion of the fundamental nature of these problems, whence, 
it is hoped, rapid progress can be made. 

(1) THE REQUIREMENTS OF A QUALITY TEST 

Before embarking on a series of expensive and some¬ 
what tedious tests of the type described in this paper a 
study was naturally made to determine whether or not 
it was possible to achieve the same end in a shorter 
period of time and at less cost. 

It was known that condensers having an insulation of 
impregnated paper could give excellent service per¬ 
formance at stress values of the order of 12-15 kVper mm. 
Solid-type cables, however, appeared to enter the danger 
zone when stresses of 4 kV per mm. were exceeded. After 
making due allowance for the greater difficulties presented 
by the drying and impregnation of cables it was obvious 
that the main difference in performance between con¬ 
densers and cables was the fact that cables had to 
withstand temperature cycles due to fluctuating loading. 
Stability or “ type " tests, i.e. the checking of power 
factor before and after a heat cycle, indicated most 
clearly that in order to preserve a low ionization factor 


The carrying-out of the stability test on a drum was 
common practice—the controversy regarding oven 
heating versus heating by application of load will 
be remembered—and certain experiments appeared 
to show that by making adjustments to the cable 
design, and controlling the conditions of the test, 
stability could be maintained even though temperatures 
of 95° C. were attained (the usual service limit at that 
time was 45° C. for the class of cables under discussion). 
It therefore appeared to be necessary to standardize con¬ 
ditions for such tests by installing the cables in a manner 
corresponding to service conditions. 

About this time attention was being drawn by pub¬ 
lished researches elsewhere to the various forms of 
deterioration which become evident during the service 
life of cables. These phenomena appeared worthy of 
study not only in cables in service, but also in cables 
undergoing some form of accelerated ageing test under 
controlled conditions. It wall be seen later that tests 
made on cables subsequent to ageing are often more 
informative than the overall tests taken during ageing. 
The other tests presented in specifications were dismissed 
as being non-informative except when applied in con¬ 
junction with some form of service ageing. Ionization 
factor could be measured before, during, and after ageing 
tests. Breakdown value, particularly with reference to 
time, would be much more informative if it were taken 
before and after ageing tests. Voltage application for 15 
to 30 minutes (“ pressure test ”) has always been accepted 
as a detector of serious mechanical defects rather than as 
a criterion of service quality. There appeared to be no 
alternative but long-period ageing tests under conditions 
approximating to service conditions. 

This point having been decided, there remained the 
problem of fixing the conditions of the test so that 
maximum information would be obtained. Elsewhere 
accelerated ageing tests were being discussed, and these 
have since developed in other laboratories into stan¬ 
dardized tests in which results are obtained rapidly by 
application of voltages of the order of 2 to 3 times working 
voltage in conjunction with loading cycles, in some cases 
producing temperatures of the order of 100° C. It cannot 
be denied that such tests have had a profound effect in 
raising the standard of quality, but it may also be claimed 
that they impose certain restrictions on cable develop¬ 
ment. If the designed working stress of a cable is 3 • 5 kV 
per mm. it may be possible for the cable to withstand an 
accelerated ageing test of the order of 7 to 10 kV per 
mm. It by no means follows, however, that because a 
cable fails to withstand an accelerated ageing test at, 
say, 12 kV per mm. the cable cannot work safely at 
6 • 3 kV per mm. The closer to its safe value of stress the 
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cable is worked the more economic its use, but the smaller 
the ratio of test voltage to working voltage. The 
accelerated ageing test of the type discussed tends to 
force the cable maker to design against quality tests 
rather than against service performance. 

The fundamental development question which has to 
be answered is how to arrive at the most economic design 
of cable for the transmission of given bulk units of 
energy. The economics will depend on:— 

(a) The stress at which the cable can be worked; this 
determines the thickness of insulation, the cable dimen¬ 
sions, and therefore to a considerable extent the cost of 
the cable. 

(b) The maximum temperature at which the conductor 
may be worked; this determines the conductor section 
and the cable cost so far as it is affected thereby. 

(c) The basic value of dielectric loss in the insulation; 
this affects annual costs. 

(d) The deterioration factors of the cable, which in the 
limit determine effective life and thereby fix the deprecia¬ 
tion costs of the cable. 

Observation of the behaviour of cables in service will 
of itself contribute little to our knowledge of these factors 
unless risks are taken by the operating companies by 
raising the stress value or the temperature until trouble is 
experienced. This is in general commercially impractic¬ 
able. The alternative is the determination of maximum 
safe values by long-period tests in which the following 
conditions are specified:— 

(a) The stress value chosen is one which gives some 
reasonable expectation of long life. In general, tests must 
be made simultaneously at several stress values in order 
to obtain a stress/life curve which will indicate the 
maximum safe value. (The range selected was from 
6 to 7 • 5 kV per mm.) 

'(b) Selection of a temperature sufficiently high to 
guarantee economic performance of the cable in service 
but sufficiently low to ensure reasonable expectation of 
success being obtained by improvement in cable design 
and quality. (The temperature selected was 76° C., as 
compared with the 45° C. which was then common 
practice but in contrast with the 95° C. obtained on 
stability tests.) 

( c) Judgment of results obtained on the basis of break¬ 
downs and cable deterioration. 

(d) Correlation of results with service performance by 
introducing into service, as the tests progressed, cables 
working at stresses indicated by the tests but higher in 
value than those prevailing in normal cables. Further 
correlation by removing lengths of cable from service 
and determining their state of deterioration not only by 
voltage tests, dielectric tests, etc., but also by submitting 
them to long-period life tests and contrasting their per¬ 
formance with that of virgin cables similarly treated. 

The value of tests of this nature will be discussed again 
later in this paper when the test technique has been 
described and some of the results examined. 

(2) TEST TECHNIQUE 
(2.1) Test Plant 

Three distinct sets covering the complete range of high- 
voltage cable production are in use, and they are briefly 


described below in the order in which they have been 
introduced. 

Interest in the effect of combined current loading and 
over-voltage may be said to date, in the practice of the 
manufacturing organization with which the authors are 
associated, from 1924, when three single-phase loading- 
transformers of 25 kVA capacity and insulated for 
150 kV were included in the specification for a 450-kV set 
installed for routine and experimental testing.* 

The potential is set up by three 150-kV transformers 
which can be connected in parallel or in series, or can be 
used as a 3-phase system. As the use of this set for 
production purposes increased and the requirements im¬ 
posed by developments in accelerated ageing tests came 
to be recognized, its functions in this latter respect were 
superseded by the sets described below. A general 
schematic arrangement showing this type of test set is 
illustrated in Fig. 1. 

(a) Plant No. 1 comprises a motor-generator set feeding 
a 250-kVA potential transformer rated at 90 000/440 volts 
and a 25-kVA loading transformer insulated for 90 kV. 
Voltage control is effected in both cases on the appro¬ 
priate alternator field by separate exciters driven in 
tandem from the same motor. The generator feeding 
the potential transformer provides on open circuit a sine 
wave of voltage of less than 2 % harmonic content. The 
high-voltage windings of both transformers are com¬ 
pletely screened. The screens are normally earthed, but 
provision is made for their insulation from earth to 
permit measurements of power factor on earthed cable. 

At a later stage the plant layout was modified to permit 
continuous operation directly from the supply mains. 
Moving-coil regulators were employed for this alternative 
connection, and the motor-generator set with its low 
efficiency and higher maintenance charges is normally 
reserved for power-factor measurements. 

(b) No. 2 Set has been employed for miscellaneous tests 
in the range of 10- to 30-kV cables, and is composed of 
two independent mains-operated units suitable for indoor 
use. A 50-kV 10-kVA transformer provides the testing 
voltage, which is regulated by means of a multi-tap 
auto-transformer on the primary side. For current load¬ 
ing a combination of two transformers is used: a 1:1 
ratio 10-kVA transformer, wound for 230 volts with the 
secondary insulated for 30 lcV, is used in conjunction 
with one of a series of low-voltage step-down transformers 
which find a general use in laboratory work. This second 
transformer is mounted on a porcelain insulator, and one 
pole of the primary and secondary windings is connected 
to its frame and to the potential transformer. This 
arrangement has been adopted to give the flexibility 
required for varied lengths of loop and cable types ranging 
from 10-kV “ rural ” to 0-25-sq. in. 30-kV cables. 

(c) No. 3 Set is intended to cover the range of cable of * 
voltages higher than 60 kV for 90- to 150-kV single-phase 
testing. Voltage is supplied by a 500-kVA transformer 
of 150/6 kV, which is controlled by a motor-operated 
moving-coil regulator from the 6-kV supply. A tertiary 
winding gives an accurate indication of the test voltage. 
The circuit-breaker is fitted with the normal trip and 
no-volt coils, energized respectively by over-voltage and 
overload relays and interlock circuits. ‘A 25-kVA trans- 

* See Reference (1). 
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Fig. 1.—Schematic arrangement of phantom loading of cables. 


former, 415/125/62-5 volts, with the secondary insulated 
for 150 kV, provides the circulating current for the cable 
loop. The load is in this case also controlled by means 
of a moving-coil regulator. A condenser of some 400 ulF 
capacitance is connected across the secondary of the 
regulator to correct for the reactance of the cable loop on 
test. This achieves the double effect of improving the 
power factor of the mains load and reducing at the same 
time the rating of the control apparatus required. 

(2.2) Arrangement of Cables 
(2.21) Cable types. 

The main body of experimental work has been carried 
out on 60-kV cable, for it was tins class of cable which 
demonstrated most marked deficiencies at the time that 
this programme was initiated. However, the range of 
cable both in voltage and in type is most comprehensive, 
as the list of selected cables in Section (3.2) shows! 
Reference may be made here to three special types which 
have played a large part in this testing programme, 

(a) S.R. cable .—In an endeavour to harness the capillary 
forces of the paper fibres for the purpose of maintaining 
the dielectric completely filled with compound, it is neces¬ 
sary to hold the compound, which on heating has exuded 
from the paper matrix, in close proximity to it.* For this 
purpose space is provided by building up the conductor 
with perforated metallized paper, which is applied inter¬ 
locking and with contacting metallized faces. In this 
-way the large spaces, which on cooling are denuded of 
compound, are screened from electrical stress. It is an 
essential feature of this design that the dielectric is graded 
so that the parts most severely stressed are formed of 
paper with the most highly absorptive properties. 

(b) Inter sheath cables .—A second phase in the develop¬ 
ment of special cable types was the extension of the 
capillary theory to its logical conclusion by inserting a 
“ reser voir " in the centre of the impregnated dielectric, 

* See Reference (3). 


similar to that employed in cables of the previous class. 
Owing to the enhanced electrical stresses involved and in 
view of the revelation of other factors, such as non¬ 
uniformity and poor impregnation, which obviously had 
a predominating influence on cable failure, this design 
was discarded at a later stage. It may be significant, 
however, that on a stress basis this type of reservoir cable 
has behaved as satisfactorily as have the more normal 
types. 

(c) Multi-conductor ( M.C.) cable.— -Within the last few 
years another type of intersheath cable (Fig. 2) has been 



investigated in which the geometric form of the dielectric 
has been so disposed as to equalize to a marked extent 
the non-uniform radial distribution of electrical stress. 
The increase in radial stress in the vicinity of the con¬ 
ductor of the normal cable arises from the restricted 
cross-section of the dielectric at those parts. In the M.C. 
design this stress is relieved by splitting the conductor 
into a number of parts and by providing each with a con¬ 
centric screen. These screens are connected to one 
another throughout the length of the cable, so that the 
partial capacitances between each conductor and screen 
are connected in parallel and the radial stresses are 
thereby reduced. For the case in which the conductor 
is split into three parts, the maximum possible stress 
reduction in comparison with the normal cable designed 
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for minimum stress is 10 %, and this is attained as the 
diametral ratio of cable and normal conductor approaches 
a value of 4. Whilst the reduction in maximum stress 
is thus distinctly limited, it is interesting to observe that, 
in relation to the established stress/life curves, this design 
has behaved extremely well, so that it is possible that 
other factors are able to exert a favourable influence on its 
impregnation or subsequent performance. 

(2.22) Layout of cable field. 

It was felt that the outdoor installation of the test 
cables, which was prompted by economic considerations, 
is particularly conducive to severe test conditions and 
therefore acceptable. In one of the test locations (at 
Hendon) a field of adequate size in the vicinity of the 
laboratory was available and the testing transformers 
could be located at one extremity. In the second field 
laboratory (at Woolwich) shortage of space dictated the 
use of a long flat roof which was conveniently situated. 
The high-voltage equipment was located on the ground 
level at some distance from the test field, and whilst the 
use of twin overhead conductors mounted upon stack- 
type porcelain insulators proved very satisfactory from a 
technical point of view, these connections were replaced 
some years ago by oil-filled cable lines of special design. 

With regard to the installation of the test cables them¬ 
selves, three methods have been adopted:— 

(a) Cables mounted on racks .—Being exposed to the 
elements, the cables have proved too sensitive to atmo¬ 
spheric conditions to permit a reasonable control of the 
conditions of test. It was also felt that the low thermal 
resistance external to the sheath imposed undesirable 
features from the point of view of thermal gradient. 
Nevertheless, this arrangement has provided a consider¬ 
able amount of interesting data upon the longitudinal 
migration of compound induced by the operation of sun 
and shade upon adjacent parts of the cable. 

(b) Cables buried in the ground .—Whilst this method 
reproduces practical conditions, it has many disad¬ 
vantages from the testing point of view. Sheath insula¬ 
tion was not considered practicable at the time that this 
method was in use, so that the measurements taken with 
sheath earthed were limited to tests on entire cable loops. 
Furthermore, the thermal capacity of the ground tends to 
maintain the ambient temperature at too high a level to 
permit the wide diurnal range of temperature which was 
considered desirable for an ageing test, and thermal 
records taken by means of thermocouples were necessarily 
restricted. It was considered desirable that cables should 
be tested right down to 0° C. on occasion. Finally, it may 
be noted that the method is expensive in installation and 
rules out the possibility of close observation of the 
behaviour of the cable. 

(c) Cables in troughs .—This arrangement has been 
found to give the best compromise in regard to expense 
and convenience in testing. The troughs may be used 
with or without sand filling, and should bp covered with 
tiles as a protection against the direct rays of the sun. 

To attain reasonable accuracy of power-factor and 
capacitance measurement, a sheath insulation from earth 
of better than 10 000 ohms has been specified. With 
cables supported upon racks, the insulation of the wooden 
posts permits this figure to be achieved in all but the 


most adverse conditions. In the case where the cable is 
installed in troughs it is difficult to maintain an adequate 
figure, especially when the trough is for thermal reasons 
filled with sand, because it retains the moisture which 
filters in during rainy weather. Bearing this in mind, a 
number of the later experimental cables have been 
covered with Pemax over the lead. The results obtained 
have satisfied all expectations, and reliable measurements 
can be obtained over prolonged periods provided that 
due precautions are taken at the ends of the test length. 

(2.23) Cable terminations. 

The cables are terminated in porcelain end-bells, and a 
number of such end bells are mounted in an enclosed area 
into which the high-voltage supply is introduced. 

In the early experiments the test cables were taken 
directly into end bells. This led to many extraneous 
disturbances which interfered with the examination of 
cable behaviour. End bells of that period were liable to 
admit air and moisture, so that electrical losses and break¬ 
downs due to these effects tended to confuse the issue. 
Furthermore, migration of oil from the bell occurred, 
while " gassing ” phenomena were sometimes induced as 
an after-effect. All these experiences were valuable from 
a research point of view since they provided first-hand 
information relating to well-defined conditions on troubles 
likely to be experienced with terminations in service. 

As a result, tail cables, usually similar to that under 
test but sometimes having a higher factor of safety, were 
introduced. Barrier joints were formed between the tail 
cables and the cable under test so as to eliminate oil 
migration. End bells could in this way be studied with¬ 
out interference with the main cable test programme, 
except in so far as actual breakdown occurred. 

Experience over a number of years has shown that the 
success of a termination under service conditions depends 
to a very great extent upon the quality of the cable which 
is terminated. The introduction of condenser cones some 
years ago* effected the complete elimination of end-bell 
trouble at the test voltages then obtaining, and the con¬ 
tinued development of termination design and process 
methods has permitted the adoption of a standard type 
of 30-kV porcelain for continuous use at 60 kV (single¬ 
phase) with complete success. More frequent cleaning 
than could be tolerated in service conditions is of course 
necessary, but this may readily be fitted in with the 
testing programme. The employment of porcelains of 
minimum size and weight is an important consideration in 
the prosecution of an intensive testing programme of this 
nature. 

(2.24) Joints. 

The object of these tests is to obtain a criterion of 
performance under practical service conditions, but since 
many considerations limited the test sections to lengths 
of the order of 50 yards it was necessary to devise methods 
to simulate the conditions obtaining in long lengths 
corresponding to those of normal construction. For this 
purpose stop-joints are required, preferably of a type 
without reservoir capacity of compound. The develop¬ 
ment of the Styrene jointj met this demand, and since 
the dimensions of the joint can be made but little larger 

* See References (3) and (4). t Ibid.., (5). 
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than that of the cable, it has been universally adopted in 
these tests, except where it has been expressly desired to 
obtain information on a particular design of joint. 

For convenience in operation it was required to include 
a number of test sections within a cable loop, and this 
calls for isolation of each individual sheath to permit 
power-factor measurements on each. For this purpose a 
bolted type of insulator has been used in which two heavy 
brass flanges are separated by an annular bakelite ring. 
The metallic screen is broken in the neighbourhood of the 
joint and then replaced on the one side so as to overlap 
the other and yet remain insulated from it. At a later 
stage it was found desirable to isolate each joint entirely 
from the test length. In this case the break in the 
metallized screen was made on either side of the joint 
and the joint connection was brought out in the centre, 
or through a filling plug as shown in Fig. 3. 

The leads from the sheaths to the Schering bridge are 
completely screened, but since severe voltage surges are 
liable to occur in them in the case of a cable fault, short- 
circuiting links are placed on either side of the bakelite 
ring so as to reduce the impedance of the earth-return 
circuit to a minimum. In spite of these links the authors 
have experienced some trouble due to the failure of these 
insulating rings. A similar problem exists in service 
conditions where an attempt is made to reduce sheath 
circulating-current losses by means of cross bonding or 
the like. 


(2.3) Testing Methods 
(2.31) Testing procedure. 

The basis of all accelerated ageing tests is the applica¬ 
tion of “ phantom ” loading to a cable loop so that the 
separate impression of over-voltage and current does not 
require the large input of power involved in service 
operation. The voltage is adjusted to such a figure as 
to limit the maximum stress to a value which will effect a 
deterioration process at a reasonable rate without in¬ 
ducing breakdown in a manner inconsistent with observed 
conditions pertaining to service. In practice the stress 
limits the authors have observed range from 5 to 8 kV per 
mm., and it has been found that these limits have in the 
past covered testing times from about 10 to more than 
300 days. 

In most cases a conductor section of 0 • 2 sq. in. has been 
standardized as being the smallest practical size for high- 
voltage working, although in a few cases it has been found 
convenient to vary this somewhat. Maximum con¬ 
ductor temperatures are permitted to fluctuate with the 
prevailing weather conditions, but the current is adjusted 
periodically to give a maximum of approximately 75° C. 
As a consequence, maximum values of 80° C. are some¬ 
times obtained in summer, but in winter it is difficult to 
maintain the desired limit. 

A value of 350-400 amp. is required to obtain the 
requisite heating on a 0-2-sq. in. conductor, and it is 
necessary to dispose the test loop so that the “ go ” and 
“ return ,J lines enclose an area of minimum extent in 
order to keep the induced sheath voltages low. In 
operation the sheaths are short-circuited at the ends and 
the resultant sheath circulating current adds an appreci¬ 
able quota to the heating. This is advantageous because 
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it increases the maximum sheath temperature, which 
tends to be low in comparison with buried cable on 
account of the low thermal resistance external to the 
sheath. The effect is of course automatically included in 
our records of operating temperature. 

These temperature records are based on a con tin uous 
observation of the sheath temperature by means of 
thermocouples. To achieve adequate sensitivity with a 
robust type of recording instrument a number of junctions 
in series is employed. The requirements of electrical loss 
measurements prevent the intimate contact of couple and 
sheath, and care must be taken to ensure that an accurate 
record is obtained. The cold junctions are installed in a 
Dewar flask, and, where possible, buried in the ground. 
In other cases there is used an elaborate multi-walled 
container involving the maintenance of inner chambers 
of high thermal capacity within lagging of high thermal 
resistance. Iron-wire thermal indicators placed within 
the flask with the cold junctions have demonstrated that 
diurnal variations have been eliminated successfully, 
although seasonal variations still exist. Copper tempera¬ 
tures are calculated from the observed sheath tempera¬ 
ture by the assumption of a figure for the thermal resis¬ 
tance of the cable, and the results so obtained are checked 
from time to time by actual measurements of copper 
resistance taken on the loop by means of a Kelvin 
bridge. 

Load is normally applied during the day for 8 hours so 
that the final temperature for the particular current load¬ 
ing will be attained. ■ Overnight the small thermal 
capacity of the cable lagging ensures that the cable closely 
approaches air temperature, and records below zero Centi¬ 
grade occur frequently in winter months. Continuous 
records of voltage, load current, and sheath temperature, 
are taken. 

Tests of capacitance and power factor are taken 
periodically by means of a Schering bridge, at intervals 
determined by experience of the manner in which these 
characteristics are varying. A capacitor filled with 
nitrogen at a pressure of 200 lb. per sq. in. permits power- 
factor measurements up to voltages of 150 kV. The 
usual precautions apply in attempting to measure the 
power factor of relatively small capacitances. The 
capacitance interlinkages of the various test leads are 
previously determined by means of a " capacitance and 
conductance ” bridge, so that the appropriate correc¬ 
tions are accurately determined. The required condi¬ 
tion of adequate screening of the cable sheath from 
external fields set up by the high-voltage conductor is 
easily met since the end bells are normally located some 
distance away and screened by an expanded-metal cage. 
Most important is the effect of leakage resistance of the 
sheath to earth external to the measuring bridge. This 
modifies the value of the capacitance as measured and 
also leads to inaccurate power-factor values which 
demonstrate a falling characteristic when plotted to a 
base of test voltage. 

Normally the cables are run at constant voltage until 
breakdown occurs. The fault is then removed for inspec¬ 
tion, and the examination extended to small samples of 
cable adjacent to the failure. Provided that .the remain¬ 
ing test-length is of adequate size, the cable is then re¬ 
jointed and put back into service. It is unusual for a 


test to be carried on beyond a second failure. When a 
second breakdown occurs, the cable is cut up into con¬ 
venient lengths, samples being taken at regular intervals 
and examined concurrently to establish any variations 
in the cable make-up. Tests carried out on these lengths, 
viewed collectively, will supplement the information 
provided by the cable during its test life and will 
enable an estimate to be made as to the uniformity 
of the cable. 

(2.32) Test criteria. 

The most important criterion in judging the per¬ 
formance of a cable must obviously be its span of life 
relative to the voltage at which it was tested. But to 
appreciate its significance it is important to establish the 
immediate cause of the breakdown, and this may be done 
by a careful visual examination of the failure and by con¬ 
sideration of the characteristics of the remainder of the 
test length. The variation of capacitance and power 
factor during life will, in the case of a well-impregnated 
cable, indicate the course of the physical changes which 
the cable is in the process of experiencing. 

Visual examination of a number of samples can 
establish the radial and longitudinal variations in the 
cable from the point of view both of physical formation 
and of deterioration. The former will be based princi¬ 
pally upon the appearance of the lapping: for the latter 
the authors have used a “ visual deterioration factor ” 
based on a series of values given in Appendix 2. Values 
have been allotted to the appearance of a cable paper 
based on the degree of waxing: striking an average for a 
complete cross-section gives a value which usually corre¬ 
lates well with other criteria given below. The shortcom¬ 
ings of this method are obvious: the personal factor is 
pronounced, and the assessment cannot allow for lack 
of local uniformity. Furthermore, the appearance of the 
tape changes with time as fresh oil oozes from the finer 
pores of the paper. When the examination of a number 
of samples is carried out simultaneously, however, fairly 
reliable comparative figures are obtained: for cable 
made of similar materials they do provide a qualitative 
measure which stands for all time. The magenta 
test of Robinson* has been used profitably in these 
examinations. 

Power factor/voltage curves of different lengths of cable 
will determine the distribution of basic power-factor and 
ionization along the cable length; the variation of 
capacitance with voltage is bound up with the pheno¬ 
menon of ionization. An important characteristic is the 
variation of power factor with temperature, and when the 
longitudinal distribution is correlated with a number of 
radial power-factor curves the origin of any observed 
deterioration will often be exposed. 

Short-time breakdown tests on the individual lengths 
may be carried out by testing with either direct or 
alternating voltages: in the latter case the breakdown 
voltage/time relation will be very different from that of 
new cable. The level of electric strength gives a good 
estimate of the importance of the deterioration that has 
occurred, and it may be correlated with the radial distri¬ 
bution of strength as determined by tests on individual 
tapes. 


* See Reference (6). 
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(3) TEST RESULTS 
(3.1) General Discussion 

In noting some of the observations that have been 
made during the course of these accelerated ageing tests, 
two points must be borne in mind. In the first place, 
the cables that have been placed under test within the 
past 8 years have demonstrated a steady improvement 
along the lines developed in another section of this paper, 
so that their behaviour on test has tended to alter accord¬ 
ingly: at the same time it has been necessary to increase 
the severity of the tests in order to arrive at some definite 
conclusion in regard to cable quality within a reasonable 
time. Secondly, it may be noted that the technique of 
testing methods has undergone steady development 
during this time, with the consequence that the earlier 
information is relatively unreliable and less complete. 

There is a further difficulty in the reporting of an 
extended research programme which is concerned with 
developments in manufacturing methods, in that many 
of the test lengths were devoted to some specific research 
so that in some cases tests were discontinued as soon as 
their purpose had been served. No set programme is 
feasible over an extended period of time. 

The experience which is drawn upon in this report is 
based upon the intimate testing of not less than 14 000 
yards of cable, all of which was designed specifically for 
experimental work. From this amount of cable more 
than 60 individual test-lengths have been subjected to the 
authors’ life-testing procedure, the remainder being sub¬ 
jected to the various corroboratory tests which are funda¬ 
mental to any extensive cable-research programme. In 
addition, a number of lengths have been taken from time 
to time from normal productions or removed from actual 
installations after a period of service and incorporated in 
the testing programme. 

It would serve little purpose to tabulate in detail the 
ihdividual life history of each cable length, and further¬ 
more it would inevitably confuse the issue. It is there¬ 
fore proposed to present the test history of some half- 
dozen representative lengths which cover the range of 
the cable types investigated. These will serve to indicate 
quantitatively the order of the various effects quoted, 
with the observation that they are typical of the results 
obtained and do not represent an unusual or extra¬ 
ordinary performance. In every case known defects are 
present in the cable as tested. Reference will be made 
in the text to further individual cables wherever experi¬ 
mental evidence in support of some point is felt to be 
desirable. 

It may be mentioned that the physical characteristics 
of these cables have been compared from time to time 
with other samples both of British and of foreign manu¬ 
facture, so that the range of differences which can exist in 
comparison with normal practice is well appreciated. 

Of the specific tests quoted in the following section it 
may be noted that, except where otherwise stated, power- 
factor tests on installed cable were invariably carried out 
after resting overnight without transmitting load-current, 
so that the cables might be expected to have attained 
atmospheric temperature. The power factor at zero 
voltage has been termed the “ basic power-factor,” and 
in practice this is based upon a value obtained, at about 
25 % of the rated operating voltage. The " ionization 


factor ” as used hereafter may be defined as the increase 
in power factor for any stated voltage above the basic 
value. A voltage of approximately twice operating 
voltage has usually been adopted, but it is believed that 
its significance must be judged in relation to the previous 
testing voltage of the cable rather than any absolute 
value of stress. 

(3.2) Selected Life-Test Histories* 

(3.21) 10-kV, 0-05-sq. in. 3-core sector “ H ’’-type cable 
(No. EC.62/1). 

This cable represents a type proposed for rural lines in 
which the stresses adopted for e.h.t. working are applied 
to a cable of this rating operating within a limited tem¬ 
perature range. The insulation thickness is accordingly 
100 mils and the temperature-rise for the conductor under 
normal conditions of full load (1 500 kVA) is of the order 
of 13 deg. C. In this particular experimental cable dif¬ 
ferent paper types were employed for the individual cores, 
but these have caused only minor variations in the 
characteristics of the cable. 

The cable was tank-impregnated in the way normally 
adopted at that time, and no unusual precautions were 
taken in its manufacture. Of the production length a 
portion was consumed in establishing the breakdown 
voltage/time curve; the asymptotic breakdown voltage 
proved to be approximately 28 kV to earth. The re¬ 
mainder, some 60 yards in length, was subjected to an 
accelerated ageing test at nearly 60 % over-voltage. 
The cable was laid in a bifilar loop on the laboratory floor, 
with Styrene joints towards each end. The cable ends 
were left open, the three cores being inserted in an 8-in. 
condenser cone filled with special plastic compound. The 
three insulated cores project beyond the cone and are 
normally at the same line potential; each single-phase end 
is, however, capable of withstanding a testing voltage 
of 15 kV with the other cores earthed, for power-factor 
measurements. The cable layout adopted involved a 
severe inverted vertical loop rising to a height of about 
12 ft. 

Fig. 4 shows graphically the course of the ageing test, 
which was conducted at a voltage of 10 kV to earth. 
Single-phase loading current was circulated through the 
cores, which were connected in series. The average range 
of temperature at 2-day intervals is plotted for the dura¬ 
tion of the test. The variation of average power-factor 
and ionization is also shown. 

The test was concluded without any electrical trouble 
after 354-4 days of voltage. The two joints were isolated 
with a suitable length of tail cable and the remainder 
divided into six sections of approximately equal length. 
The joints were tested with direct current, and the 
average breakdown voltage was 166 lcV. 

Four of the lengths were placed in a cable oven and 
the power factor/voltage curves for a number of tem¬ 
peratures (see Fig. 5) were obtained. The power factors 
in the case of the red phase are plotted logarithmically to 

* In the coding adopted for the cables described in this paper, each design 
of experimental cable (E.C.) is allotted a number: a second number, separated 
from the first by a stroke, is used to refer to the particular length manufactured 
to this design. Divisions of the length subjected to test are denoted by a letter: 
subdivisions effected after the main test are indicated by a furthM sen.es of 
numbers which mark the sequence points of reference. Thus _ EC.58/Ia _ 
refers to a section of the first cable-length manufactured to the design of experi¬ 
mental cable number 58. 
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a base of temperature in Fig. 6, whilst the trend of power the appreciable contraction of compound in a long cable- 
factor in relation to the original cable-length is indicated length after lead shea thin g. 

in Fig. 7 for three temperatures. Only minor differences Radial power-factor tests have confirmed that the 



Duration of test ; days 


Fig. 4.—Life-test history of Cable No. EC.62/1. 

from these results are to be noted in the case of the other maximum of the loss curve is located in the outer papers 
phases, due to the employment of different paper types, of each core. Both rising and falling power-factor/voltage 

It is obvious that a deterioration, which assumes severe characteristics are obtained at the higher temperatures, 
proportions at 75° C. and higher, originates at the cable Their occurrence is not completely explicable in every 



Fig. 5.—Analysis of power-factor/temperature characteristics of Cable No. EC.62/1 (red phase). 


ends and penetrates almost to the cable centre. It is detail, but the falling loss characteristic probably arises 
assumed that this lpss is caused by compound oxidation from the modified radial voltage distribution which occurs 

due to the entry of air into the filler spaces. The severity with rise of testing voltage at the higher temperatures, 
of the effect arises from the open 3-core construction and Both a.c. and d.c. puncture tests were carried out on 






76 


SCOTT AND MILDNER: LONG-PERIOD 


the various sections of the aged cable, but the diminution 
of strength was of a very small order in comparison with 
the normal variations as between different tests. 



(3.22) 60-kV 0-2-sq. in. single-core S.R. cable, 0-57-in. 
insulation (No. E.C.47/10a). 

This cable was manufactured and impregnated after 
sheathing in 1933. Some 48 yards of the manufactured 
length were installed on racks and subj ected to the ageing 



Fig. 7.—Distribution of power factor, for Cable No. EC.62/1. 

test illustrated in Fig. 8. The cable showed extremely 
good stability both on voltage alone and with severe heat 
cycles. After 83 days of testing, a cable elsewhere on the 
loop broke down, and the subsequent handling associated 
with its rejointing induced a moderate amount of 
ionization. 


After 101 days the cable was removed from test without 
breakdown. It was cut up into five sections, and the 
test results obtained are given in Tables 1 and 2. It wall 
be seen that the ionization factor after cutting into sec¬ 
tions has become negligible. The visual deterioration 
proved to be extremely small. The basic power-factor 
showed large variations along the cable length, and it is- 
probable that the increase in dielectric loss at higher 

Table 1 

Analysis of Cable No. EC.47/10a 


Section .. 

.. 

(1-2) 

(3-4) 

(5-6) 

(7-8) 

(9-10) 

Test voltage (kV) 


Power factor (per cent) 


15 


0-586 

0-498 

0-492 

0-420 

0 ■ 484 

25 


0-586 

0-498 

0-493 

0-420 

0-484 

35 


0-586 

0-498 

0-493 

0-420 

0-485 

45 


0-587 

0-499 

0-494 

0-420 

0-485 

60 


0-589 

0-499 

0-495 

0-421 

0-485 

75 


0-589 

0-500 

0-496 

0-424 

0-485 

Ionization (per cent) 
Percentage change 

0-001 

0-001 

0-002 

0-000 

0-001 

in capacitance, 
15 to 45 kV . . 

0-001 

0-001 

0-001 

0-001 

0-001 

Short-time ' 

breakdowm 

test 

. (kV) 
(min.) 

180 

56 

180 

49 

160 

62 

180 

62 

ISO 

31 


Table 2 

Visual Deterioration of Cable No. EC.47/10a 


Sample. 

l 

2 : 3 

4 : 5 

6 : 7 

8 : 9 

10 

Conductor 

First 60 papers .. 
Second 60 papers 

8-95 

8-95 

8-95 

8-95 

8-8 

8-9 

8-3 

8-65 

8-6 

8-65 

8-4 

8-6 


temperatures was pronounced in some parts of the cable. 
The short-time breakdown strength represents an appre¬ 
ciable diminution compared with that of new cable. 

(3.23) 60-kV 0-2-sq. in. single-core cables, 0-65-in.. 

insulation, 1934 (Nos. EC.58/la^and EC.59/la). 

These two cables were tested for the purpose of com¬ 
paring the performance of different paper types. Sixty 
yards of each were involved in the present test, although 
reference is made elsewhere to check tests on shorter 
lengths. The former cable was graded with the least 
dense paper nearest the conductor, whilst the reverse 
held in the case of Cable No. EC.59/1. 

The life-test histories of these cables are shown in 
Figs. 9 and 10. It will be seen that the cables, although 
not tested simultaneously, were subjected to conditions 





AGEING TESTS ON SOLID-TYPE CABLES 


Test voltage,60 kV 














































































































































































SCOTT AND MILBNER: LONG-PERIOD 


similar in severity. In the case of EC.58/la, the two 
breakdowns followed closely upon one another and were 
associated with a thorough deterioration of the dielectric. 
In the other case the failures were widely separated in 
time and the cable remained at the conclusion of the test 
fairly sound in quality as judged by the authors usual 
criteria. The analysis of these tests is best indicated 
graphically as shown in Figs. II and 12. The variation 
in ionization along the cable length is explicable in terms 
of the impregnation process, and it is reassuring to note 
that the service breakdowns are not coincident with the 
parts most severely deteriorated. Certainly, however, in 
the case of EC.58/1 the short-time breakdown strength 
does show some correlation with this deterioration, and 
this provides an indication of the usefulness of the test in 
indicating deterioration. The good performance of the 


culties in achieving the theoretical design are outweighed 
by such advantages as the reduced wall thickness and 
the physical construction. 

It may be mentioned that the unusual trend in power- 
factor and ionization characteristics is not considered to 
be inherent and has been explained t>y Ischiassny* in 
terms of the intersheath construction. The failure of an 
oil joint after 112 days must be explained by the limited 
experimental work possible at the time of construction, in 
conjunction with the severe testing conditions. Its 
failure provided an opportunity for examination of a 
cable sample removed from the end near the joint. No 
visual deterioration could be detected. The cable was 
repaired with a joint having a higher factor of safety and 
has proved to be entirely satisfactory up to the present: 
time. 



Fig. 12 .—Electric strength of aged cable. 

(a) Cable No. EC.69/la. 

( b) Cable No. EC.SS/la. 


sections immediately adjacent to the end bells is very 
marked (test point A, Fig. 12). 

The discrepancy between the ionization of the installed 
lines (Figs. 9 and 10) and that of the aggregated sections 
(Fig. 11) is not so marked as in the previous case 
(EC.47/10a), and the difference may be a consequence of 
the different pressure conditions in the two cases. 

(3.24) 60-kV 0 • 225-sq. in. M.C. (multi-conductor) cable, 
total radial insulation 0-445 in. (No. EC.63/2). 

This cable represented the first attempt to construct a 
cable of the design illustrated in Fig. 2 and was one of a 
series which have given identical performance to date and 
which incorporate various experiments in paper types. 
It may be noted here that the intersheath design in 
question is not notably economical for this size of cable, 
but it was considered useful to adapt the design to this 
voltage rating in order to gain initial experience in direct 
comparison with normal types of which the performance 
is now well established. On a stress basis it will be seen 
that the performance (Fig. 13) is very satisfactory to 
date, so that one may assume that the practical diffi- 


The comparatively small temperature range of this 
test arises from the inherently low thermal resistance of 
this design of cable. 

(3.25) 132-kV 0-3-sq. in. M.C. cable, total radial insula¬ 
tion 1-00 in. (No. EC.72/1). 

The preliminary stability tests of this design of cable 
are included here in order to round, off the range of 
voltage ratings of which examples have been quoted in 
this section. 

A 150-yard length of cable is terminated in standard 
60-kV end-bells, one of which is set up in a conventional 
manner with a reinforcing paper roll, the other being 
fitted with a condenser cone. The cable is arranged in a 
bifilar loop in troughs filled with sand ; with the spacing 
adopted, the sheath circulating-current: losses amount to 
nearly 45 % of the copper losses. Loading-current cycles 
of 350 amp. were used in the early part of the test, and 
at a later stage the loading was increased to 400 amp. 
The operating range of temperature is indicated in Fig. 14, 
which covers the life history of the cable for 200 days. At 

* See Reference (7). 
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the time of writing (October, 1938) the cable has just 
completed a 1-year period of test (365 days) and is pro¬ 
ceeding under 115 lcV, i.e. 50% over-voltage At 350 
days the basic power-factor was 0-59 % and the ioniza¬ 
tion factor (20-90 kV) 0-11%. The ionization _factor 
from 20 to 120 kV was 0-14 %; owing to limitations m 
the test circuit it has not been found possible to exceed 
120 kV. 


(3.3) Ageing Characteristics 
(3.31) The relation between voltage and life. 

It is a fundamental necessity for the correct interpreta¬ 
tion of any over-voltage test to establish the relationship 
between voltage and time-to-brealrdown. In view of the 
expense and the time involved in carrying out accelerated 
ageing tests, it is not suprising that, so far as the authors 
are aware, no curves have yet been published showing 
this relationship in the neighbourhood of the operating 
stresses. Failing such information, many investigators 
have attempted to extrapolate results obtained from 
relatively short-time tests extending up to, say, 100 hours, 
and by the adoption of some inverse power law have 
attempted to assess accordingly the life of the cable at its 
rated voltage. An objection to this criterion of cable 
quality is based on the totally distinct mechanisms of 
breakdown in the two cases, and although short-time 
tests of this character may be informative and useful, any 
extrapolation to operating stresses may give rise to mis¬ 
leading deductions. In the short-time test, resistance to 
breakdown is provided by the “ solid phase ” of the cable; 
breakdown in service is effected by a deterioration 
mechanism which partially by-passes that obstructive 
barrier. 

The large number of individual cables subjected to test 
within the period covered by the present report has 
tempted the authors to demonstrate the continuous im¬ 
provement that has been effected within that period by 
plotting the maximum stress of testing against the time of 
test to the first breakdown on the cable-length in question 
(Fig. 15). In a few cases where the testing voltage was 
varied during the test an inverse power relation of 20 
was employed to convert times to the higher-stress value. 
The improvements noted may be ascribed to reduced rate 
of deterioration and to greater uniformity of manufacture, 
along lines which will be described in succeeding sections 
of this paper. Maximum stress has been adopted as 
ordinate in the light of the observation that, with the 
present method of manufacture of cable, deterioration 
commences at the conductor. No doubt average stress 
and dielectric thickness will affect results to some extent, 
but in the authors’ experience their influence is surpris¬ 
ingly small. The range of insulation thickness covered 
by these tests extends from 0 • 25 in. to 1-00 in. 

In view of the observed irregularity of deterioration the 
practice has arisen in the case of test-lengths of the order 
of 50 yards of permitting two breakdowns to occur before 
finally removing the cable from test. In the course of the 
testing a large number of breakdowns have naturally 
taken place, but only one has occurred during power- 
factor tests, and since these tests almost invariably in¬ 
volve voltages higher than the normal test pressure, it is 
deduced that the final stage of breakdown takes place 
relatively suddenly; on the other hand, there is evidence 


to show that at the stresses with which we are concerned 

here, disruptive discharges may persist for periods longer 
than 1 day. The incidence of the greater number ol 
breakdowns to the earlier hours of the morning, oi moie 
generally to some phase of the cooling cycle, is in line 
with practical experience in service.. 

In the case of cable manufactured in the early stages oi 
the period under discussion, a breakdown was invariably 
found to have associated with it a considerable amount 
of burning in the central portion of the insulation. I he 
breakdown path was of the tracking type described by 
Robinson, and was usually of very extended cross-section. 
With more recent cable the appearance is radically 
different. The central carbonized parts, due undoubtedly 
to poor impregnation, have quite disappeared. I he 
tracking mechanism may still remain, but the path of 
breakdown is concentrated within a narrow compass 


Table 3 



Test 

Days of 
test 


Operating 


Cable 

length 

(yd.) 

kV 

temperature 
range (°C.) 

Remarks 

EC.58/la 

60 

19-4 

50\ 

- 1 to 70 




+ 74-7 

60 J 


1st 33 



19-4 

sol 





+ 75-5 

60J 


2nd B.D. 

EC.58/lb 

30 

133-6 

60 

- 2 to 79 

1st B.D. 

EC.58/2a 

60 

19-4 

501 

5 to 70 

1st B.D. 


-j- 48 ■ 6 

60J 




19-4 

501 





+ 51-2 

60 J 


2nd B.D. 

EC.58/2b 

30 

72-8 

60 

- 1 to 78 

1st B.D. 

EC.59/la 

60 

36-7 

60 

1 to 86 

1st B.D. 


109-2 

60 


2nd B.D. 

EC.59/lb 

30 

107-3 

60 

- 2 to 79 

No B.D. 


although it may break up into two or even three channels 
towards the metallic conductors. Sometimes it is a 
straight radial breakdown, but usually in the present 
tests it extends over 2—3 ft. and is typical of a certain 
type of service breakdown. 

The cable in the immediate neighbourhood of a fault 
is seldom damaged, and it has been the authors’ practice 
to cut out only about 6 ft. on either side, when rejointing 
to bring a cable loop under test again. No ill effects 
resulting from this practice have been detected. 

Into this section of the paper may be inserted some 
remarks relating to the effect of the length of cable under 
test upon the results obtained. Obviously a very 
extended research would be necessary to set this relation¬ 
ship upon a firm basis; it cannot be claimed that this 
research has been completed. Nevertheless, it is possible 
to quote the case of three cables, each of which was tested 
in two lengths of 30 and 60 yards. There was a difference 
in the conditions of testing in that the shorter lengths 
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were jointed by means of oil-impregnated paper tapes, 
whereas the longer lengths were fitted with solid-type 
barrier joints in accordance with the authors’ normal 
practice. The results are summarized in Table 3. 

These tests were carried out under conditions which 
were in other respects as nearly comparable as possible. 
The trend of the effect is unmistakably in the direction 
of giving the longer test-length a shorter life on voltage. 
At the same time the evidence of more rapid deterioration 
is not confined to an observation of the time to break¬ 
down, but extends to the other criteria referred to else¬ 
where in this paper. 

It will be seen from the three curves of Fig. 15 that the 
asymptotic value of stress at which breakdown is delayed 
to times of the order of years has been increased to about 


(3.32) Stability during ageing. 

In any ageing test involving a reduction of the 
parameter time there is always a danger that effects 
which have the nature' of a deterioration, but which are 
not susceptible to those other factors which are intensi¬ 
fied, may be passed over unnoticed if considerable time 
is required for their development. A careful scrutiny of 
all physical phenomena occurring during life is therefore 
necessary to check back on conditions which obtain in 
service. 

The effect of temperature upon the operation of solid- 
type cables has long been a source of speculation, and 
opinions still remain divided as to its importance as a 
factor in service performance. From a purely chemical 
point of view it has been established that little deteriora- 



Fig. 15.— Trend of improvement in e.h.t. cable manufacture. 

_No breakdown. 


5 • 6 kV per mm. Since the maximum stress at operating 
voltage has hitherto been limited by common practice to 
about 4-6 kV per mm. for GO-kV cables, it is considered 
that an adequate margin of safety exists in such cable. 
The record of such cable in service, however, is entirely a 
function of the uniformity achieved in the manufacture ; 
in so far as a reasonable test-length has been employed, 
and since no breakdown has occurred at times appreciably 
shorter than those illustrated by the curves, it seems 
reasonable to anticipate that substantial freedom from 
trouble will be experienced. 

Inasmuch as superior results are still being achieved 
with more recent cables, it is interesting to speculate 
upon the increase in operating stress which may become 
practicable with continued improvement in the quality 
of impregnated paper cable. In point of fact, cables have 
been recently manufactured and installed with maximum 
operating-stress values of the order of 5 • 0 kV per mm. 

Vol. 85. 


tion will arise from operation at maximum temperatures 
as high as 100° C. provided that suitable materials are 
employed. In the matter of physical stability it must 
be recognized that appreciable movement of a free con¬ 
ductor would take place in the range of temperatures 
involved, owing to the differential expansion of copper 
and lead: when the conductor has been suitably con¬ 
strained, as in the normal case, no deleterious effects have 
been noted within temperature ranges of more than 
80 deg. C. From the electrical point of view the informa¬ 
tion available remains far from conclusive: two effects are 
in question—an increase in loss due to a change in the 
compound akin to oxidation, and deterioration due to 
ionic bombardment. 

As related elsewhere, it is the authors’ custom to load 
their test cables so as to give a maximum copper tempera¬ 
ture of not less than 75° C., which is as high as has yet 
been suggested for e.h.t. cable operation in this country. 

6 






SCOTT AND MILDNER: LONG-PERIOD 


Whilst it seems inevitable that the enhanced, migration 
of compound which results from wider temperature 
ranges in operation must aggravate the progress of 
deterioration, this factor is not of serious importance 
with well-impregnated cable of low gas-content. It is 
difficult to quote direct experimental evidence to support 
this view. 

Again, since it seems reasonable to assume that the 
major proportion of deterioration occurs at the periods 
during which the maximum void space exists in the 
electric field, the extent and the period of the minimum 
temperatures experienced would seem to be important. 
The authors’ experience has tended to show a greater rate 
of deterioration during the winter months than in the 
summer, and this in spite of the less severe maxhnum 
temperature conditions that would be experienced in the 
former case. Equally it might be expected that cables 
maint ain ed within - a laboratory and lacking severe 
minimum-temperature conditions would show a better 
test record than those exposed to the inclemencies of the 
weather. 


strain, and creep also sets in, so that the excessive maxi¬ 
mum pressures are relieved and a radial space of t ie 
order of 10-20 mils is set up between dielectric and sheath 
This effect may be related to the gradual lowering of 
cable capacitance (of the order of 3 %) which has been 
observed to reach its maximum after more than a week 
testing, or about 8 severe loading cycles. It is felt that 
this is a demonstration of the gradual migration of com¬ 
pound to the exterior of the dielectric as the elastic retur n 

of the lead sheath falls away. _ 

It is the authors’ belief that the stability of the basic 
power-factor is very sensitive to the quantity and nature 
of the residual gas in the cable: the gases absorbed at 
the solid/gas interface of a dry-core cable will depend 
largely on the degree of vacuum existing immediately 
prior to impregnation. The practice of impregnating 
after sheathing has been largely adopted in the case of 
cables referred to here, and the excellent conditions which 
obtain contribute not a little to the stability revealed m 
these tests. A change in the basic power-factor has 

- - f J • Jl_ ___ -M-tiaOA "fAcfC fin f I l1‘ 



Fig. 16.—Sheath temperature of Cable No. EC.46A/lb, at 45 kV, without load, supported on racks. Results 

obtained 20th August, 1932. 


Attention has been drawn to a longitudinal migration 
of compound which can be induced by differential heating 
of the cable* In the earlier series of tests, in which the 
cables were supported on hangers attached to posts in 
the open air, similar temperature effects were induced by 
varied exposure to sun and wind, according to the loca¬ 
tion of the cable in relation to a brick wall which ran 
along two sides of the cable field. In view of the interest 
of the problem from the point of view of the practical 
case of railway feeders, where it is usual to support the 
cable in the open, typical records obtained from thermo¬ 
couples placed on the cable sheath at two differing loca¬ 
tions are shown, in Fig. 16. 

The authors’ measurements of the pressures arising 
within the cable have not been as complete as have been 
those of some other workers in this field, f but they have 
sufficed to show that extremely low vacua can persist 
within the cable, and are not essentially incompatible 
with the most complete stability of the active dielectric. 
Extremely high pressures are observed during the initial 
heat cycles, and the nature of the expansion is such 
that in general the extension of the sheath cannot be 
effected elastically. The lead sheath “ flows ” under the 

t Ibid ., (9). 


has been the practice to detect such changes as may have 
occurred by means of measurements carried out at the 
conclusion of the ageing test. 

Experience in the matter of the ionization stability of 
cables under test has been varied: this matter is better 
understood now that the factors affecting the breakdown 
mechanism are appreciated. By extreme care in the 
evacuation and impregnation it is possible to produce 
cable with an extremely low ionization value, and such 
cable will maintain stability right up to breakdown in 
conditions involving severe loading cycles and test 
stresses of the order of 6 ■ 5 kV per mm.: in. these circum¬ 
stances deterioration will be found to be local, and the 
major proportion of the dielectric in quite sound condi¬ 
tion. In yet other cases, power-factor instability will 
often set in relatively suddenly, and gradually build up 
a steady value followed by a slight recovery. These con¬ 
ditions will hold until a breakdown occurs. When a 
cable starts life with a fair measure of ionization, a slight 
cleaning-up may occur in the early stages, followed by a 
steady rise to some limiting value. A typical case is 
shown in Fig. 17, which illustrates the stability of Cable 
No. EC.54/la during life: it is believed that this demon¬ 
strates an intrinsic feature of solid-type cable dielectrics. 


* See Reference (8). 
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In. the Figure the failure of other cables and joints in 
the loop under test are indicated. There is no evidence 
that these failures in any way influenced the life history 
of Cable No. EC.54/la. 

The problem in these observations is to determine the 
distribution of the ionization along the cable length. In 
the present circumstances it is impossible to interpret 
power-factor readings with any assurance of certainty. 
When an appreciable amount of ionization exists in a 
cable under continuous test, it will often be found 
that instability, marked by a steeply rising power 
factor/voltage characteristic, will set in at voltages above 
the continuous test voltage. If, however, the test voltage 
be raised the power factor of the cable will fall with tim e 
until an equilibrium condition is set up, so that the 
voltage at which instability begins is raised corre¬ 
spondingly. 

In view of the great sensitivity possible in the measure¬ 
ment of capacitance, it was anticipated that the variation 
of capacitance with time and testing voltage in a manner 
parallel to that of ionization might provide useful in¬ 
formation regarding the progress of deterioration in a 
cable. From a theoretical standpoint the change in 
capacitance of the whole dielectric is bound up with the 
state of ionization in the voids within that dielectric. At 
the moment these hopes have not been realized, for two 
reasons: (i) the variation of capacitance with temperature, 
and (ii) the inaccuracies involved in the authors’ measure¬ 
ment of capacitance owing to variations in the value of 
the insulation resistance between earth and sheath. 
With refinements in the latter regard, it is felt that the 
earlier hopes may yet be realized. 

(3.33) Tests after ageing. 

General .—It has been suggested, on the strength of 
the information given in Fig. 15, that the general voltage/ 
life characteristics of solid-type cables manufactured 
and installed in accordance with modem methods is suffi¬ 
ciently satisfactory to permit of cables up to 60 kV being 
operated at the stresses normally employed. This con¬ 
clusion must be dependent upon an estimate of the 
uniformity of the cable, both from length to length and 
along each individual length. For this reason every cable 
removed from an ageing test is examined carefully in 
order to assess the deterioration which it has undergone 
and to observe its distribution relative to the manu¬ 
factured or installed length. Furthermore, the whole 
technique of cable development as revealed in this paper 
rests upon our ability to locate the source of every form 
of deterioration and to discover the reason for any 
observed non-uniformity. 

The tests which are normally employed in these cases 
have been listed in Section (2.32), and it only remains to 
record here the general nature of the effects observed, 
together with some examples of interesting results 
obtained. With the refinement of the testing methods, 
it becomes possible to carry out measurements on com¬ 
paratively small samples of cable, whereas in the earlier 
stages of development it was not .possible to carry out 
the complete programme of tests as detailed below. 

At the conclusion of an ageing test the remaining 
length of sound cable is cut into a convenient number of 
lengths suitable for breakdown tests: further short 
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samples are removed from the ends of each of these short 
lengths for the purposes of visual-examination tests, 
radial (tape) tests, and power factor/temperature tests. 
The lengths selected for breakdown tests are prepared so 
as to permit power factor/voltage observations to be 

taken prior to breakdown. . 

Visual examination .-—It is now many years since the 
formation of waxy products from the impregnating com¬ 
pound was first discovered in high-voltage cable, and it 
has long been recognized that while the ‘ ‘ cheese . itself 
is a dielectric of some merit, its occurrence is an indication 
of deterioration in so far as the gas which is produced 
simultaneously militates against the indefinite operation 
of the cable. More recently it has been suggested that 
the mere production of wax in a cable is not an indication 
of deterioration, and since opinion may perhaps swing too 
far from the truth in this direction it would seem worth 
while to discuss the authors' experience in regard to its 
occurrence. 

Among the cases in which breakdown has taken place 
during accelerated ageing tests, examination has showm 
examples in which cheese has been present and also 
others in which it has been absent. In the latter cases it 
is invariably found that the breakdown is not associated 
with the complete deterioration of the insulation, and if 
the remainder of the cable is again submitted to test it 
may be anticipated that succeeding failures will not take 
place for some little time; in these cases also it is some¬ 
times possible, if the failure is interrupted in the incipient 
stage, to detect some discontinuity in the dielectric which 
is responsible for the discharge causing the failure. The 
remaining cases are found to cover a wide range of cheese- 
formation, ranging from a slight thickening of the com¬ 
pound to a complete metamorphosis of the compound, 
so that for more than 80 % of the radial thickness the 
paper has the appearance of having been completely 
impregnated with wax: in spite of the absolute absence of 
dendritic markings or of any carbon whatsoever, the 
breakdovm strength of the cable will be found in an 
extreme case to be reduced to less than 50 % of its 
original value. On the other hand, the production of 
cheese during the life of a cable is long drawn out, so 
that its presence is by no means an indication of impend¬ 
ing cable breakdown. 

Wax formation is the result of electrical discharges 
playing upon the film of compound, so that it first occurs 
in the neighbourhood of the gaps. It would seem 
possible, from the authors’ experience, to slow up the 
process indefinitely at stresses up to 7 kV per mm. by 
reducing the gas content of the cable. On the other 
hand, it has been observed that within the cable there 
are invariably taking place discharges which can be heard 
either by the unaided ear placed in close proximity to 
the sheath or by a sensitive radio-receiver coupled to a 
suitably placed antenna; these discharges may persist 
down to very low stresses. The former method permits a 
very accurate location of their source and even allows 
the severity of the discharge to be assessed in qualitative 
terms. The distribution along the cable length has been 
found to follow very closely the known variation in the 
quality of impregnation. 

In the search for a relationship between ageing tests 
and service performance, the appearance of the dielectric 


from, the point of view' of cheese formation is a most 
useful criterion. Fig. 18 represents the mean of some 
half-dozen tests carried out in the manner described in 
Section (2.32) and Appendix 1 on a length of aged cable, 
the samples being removed at equidistant intervals from 
a length of Cable No. EC.54/la. The radial distribution 
gives a very fine measure of the uniformity of impregna¬ 
tion. In the light of the conclusions reached as a result 
of the present tests, it is not surprising that in all the 
examinations of cable removed from service the occur¬ 
rence of wax has been found to be entirely spasmodic and 
restricted to comparatively small sections of a length. 

From this point of view, most surprising has been the 
experience obtained from some 60-kV 3-core cable manu- 



Fig. 18.—Radial distribution of deterioration in Cable 
No. EC.54/la (visual examination). 


factured in 1928, which was removed and tested after 
about 2 years’ service and was found to be entirely free 
from cheese formation; on a subsequent ageing test it has 
remained irreproachable in comparison with other cable. 
Corresponding single-core cable manufactured at the 
same time, although built with 0 • 55-in. wall thickness as 
against 0-52 in. in the case of the 3-core cable, formed 
considerable wax in the course of an equal period of 
service. 

60-kV cable of 1931 manufacture has been examined 
after about 3 years’ service, and again a limited amount 
of wax formation has been detected, but by the short- 
time breakdown tests which the authors have devised 
to evaluate the importance of the deterioration they have 
been able to confirm their preliminary estimate that the 
ageing of this cable was not excessive. 
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In the 30-kV field one may judge from the value of 
maximum stress for which these cables are designed t ha t 
the occurrence of cheese should be delayed for many years 
of service, and this has been borne out by the authors’ 
general experience. In a number of cases where slight 
waxing has been found, its incidence has been shown to be 
associated with manufacturing defects such as have been 
pointed out in the course of this paper. In particular, 
the increase of gas content in the vicinity of joints has 
been responsible for wax formation in cases in which the 
internal pressure of the cable has reached low values. 

Basic power-factor. —The basic power-factor at atmo¬ 
spheric temperature is largely, though not entirely, 
determined by the paper component: at higher tempera¬ 
tures the loss becomes increasingly a function of the 
impregnant. 

The power factor of new cable impregnated with virgin 
compound often decreases with rise in temperature, but 
with the passage of time and the incidence of heating the 
position will change to the extent that the oil becomes 
oxidized. It has been observed that, although oils will 



Sheath Conductor 

Number of papers 

Fig. 19. —Radial tests of a.c. breakdown on Cable No. 771/6d. 

Rate of increase of voltage, 50 kV per min. 

not alter appreciably when maintained at 120° C. under 
vacuum, the presence of lead or copper will permit an 
increase of dielectric loss to take place even though 
negligible gaseous oxygen is present. From this arises 
the authors’ observation that the very nature of the 
impregnation, as well as the history of its subsequent 
service, will affect the stability of the basic power-factor 
of the cable. 

In the normal tank process the flow of compound 
during impregnation is radial, but the oil which is 
oxidized in the presence of copper and lead during manu¬ 
facture remains largely confined to the boundary layers 
of paper tape: in service, however, this oil tends to 
become more dispersed. In the sheath-impregnation 
process the longitudinal flow of compound and its main¬ 
tenance at an elevated temperature for an appreciable 
time involves the compound in an oxidation which may . 
affect the basic power-factor of a cable. 

. In service, the losses associated with the paper will 
seldom vary, but the effect of conduction in the saturant 


will, with increasing oxidation, be translated to con¬ 
tinually lower temperatures. The rate of oxidation will 
be determined by a number of factors such as the type of 
compound, the range of temperature, and the presence 
of oxygen and such catalysts as copper and lead. As a 
result the critical temperature for thermal instability is 
lowered with ageing, and this may impose a limiting 
factor upon the operating temperature of high-voltage 
cable. Some examples of the power factor/temperature 
relations of aged cable have already been given, and the 
need for precautions in manufacture and installation has 
already been emphasized. 

Ionization factor. —Power-factor tests carried out on 
the lengths.selected for the breakdown tests provide data 
for the distribution of the ionization factor along the 
cable length. It is very rare that the ionization factor 
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Fid. 20.—Radial tests of d.c. breakdown on Cable 
No. 771/Gd. 

obtained in this way checks with the ionization existing 
in the cable when it is on ageing test. Usually it will 
be lowered by opening up to the atmosphere, although it 
may be enhanced by severe mechanical disturbance of 
the cable. With the extremely stable cables produced 
to-day it is possible to relate the observed ionization to 
the conditions of impregnation (Fig. 11). 

Electric strength .—One further criterion which is be¬ 
lieved to be important is the breakdown strength of aged 
cable under alternating stress and short testing-times. 
In such tests breakdown is invariably radial and the 
reduced strength arises no doubt from the manner in 
which the large amount of gas present assists the ionic 
bombardment of the paper fibres. Thermal instability 
probably intervenes at an early stage where the life of 
the cable has seen an increase in power factor due to the 
deterioration of the compound. 

The authors’ experience in the application of direct 
voltages to effect cable breakdown is limited, owing to 
the high inherent strength of the cables with which they 
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are concerned. The effect of ageing is to reduce the 
strength, as in the case of alternating voltage 

Radial tests have been carried out on the breakdown 
voltage of tapes removed from deteriorated cable, the 
general trend of the results is in line with the degree o 
waxing, and sometimes a reduction in strength may be 
observed at the outer parts of the dielectric, correspond¬ 
ing with the observed increase in power factor. With 
such tests the effect of weak spots in the tapes is to create a 
wide scattering of individual results, which tends to be less 
when the tape is tested in air than when it is broken 
down under oil: the latter condition, however would 
seem to approximate better to the case of a cable test, 
although in this case the integrated a.c. tape-tests 
invariably exceed the breakdown strength of the cable. 
Typical results obtained on aged cable are given m 
Figs. 19 and 20. 

The correlation between such tests made with alternat¬ 
ing current and with direct current is apparently subject 
to variations which are not completely understood, in 
practice the latter form of testing is more convenient, by 
reason of its lessened dependence upon the time factor. 

(3.4) Discussion of Results 

In view of the general silence on the subject, it has 
required some courage to assert the authors’ conviction 
that quite a large proportion of the breakdowns experi¬ 
enced are due to mechanical defects in the cable insula¬ 
tion. This statement must be qualified by the observa¬ 
tion that only in a very limited number of cases has it been 
possible to detect any visual signs of defects, even where 
the damage done by the breakdown was slight. At the 
same time, it is believed that the standards of mechanical 
uniformity attained in the cables described herein are not 
inferior to those prevailing in general practice. 

The literature on the subject of impregnated-cable 
research has been largely concerned with improvements 
in the quality of the impregnation and with efforts to 
discover saturants with improved characteristics. The 
authors’ own earlier work was also directed to this end. 
The development of the method of impregnating after 
sheathing not only effected a more uniform impregna¬ 
tion and a more complete elimination of gas but also 
provided an opportunity of studying the behaviour of 
different compounds under practical conditions of 
operation. 

In proportion as the homogeneity of the cable produced 
has been improved in the course of the year which the 
present report covers, it has been possible to appreciate 
the extreme sensitivity of the cable performance to small 
inconsistencies in its make-up. For obvious reasons these 
mechanical defects assume the greatest importance in 
the immediate neighbourhood of a metallic conductor and 
also in the regions of highest electrical stress. Instances 
of these types of mechanical defect may be quoted:— 

(i) In the case of overlapped tapes, whether of insulat¬ 
ing papers or of interlocked metallized pairs, it is difficult 
to avoid periodic creases owing to the physical impossi¬ 
bility of securing a tight lapping in these circumstances. 
Overlapped tapes may be called for in the cable design, or 
they may arise from the faulty adjustment of the paper¬ 
lapping machine. 

(ii) The centre of breakdown has been found to coincide 


with barely perceptible kinks in the strands of a con¬ 
ductor, and one is driven to the conclusion that these 
disturbances have been transmitted to a few of the 
succeeding papers, although visual evidence of this has 
not always been forthcoming. Brazed or welded joins 
in the individual strands occur periodically m the cable 
length, whilst only a sound factory routine can hope to 
eliminate the very slight accidental damage which can 

cause the present effect. _ . 

(iii) A creased tape is always a potential source ox local 

discharge in proportion as the radial dimension ofi the 
gap space is increased: such creases may be caused by 
slackness in the mechanism of the lapping machine or 
by a badly-wound paper pad. This case may be dis¬ 
tinguished from the case where a tape is creased along an 
adjacent gap owing to excessive bending or poor manu¬ 
facture : in such a case the local breakdown strength may 
be lowered by the reduction in the “ barrier action of 
the paper due to its mechanical breakdown. 

(iv) In the same category may be placed the local stress 
concentrations due to irregularities in the conductor 
contour caused by the stranding. A smooth contoui is 
sometimes obtained by the use of shaped strand oi by 
means of heavy crushing in the stranding operation, but 
in solid-type cable this may be subject to other dis¬ 
advantages, such as the elimination of oil-ieseivoir 
volume and the creation of a less flexible core. A 
metallized-paper screening tape has been largely used 
in the present tests to achieve the same effect; it lias the 
further advantage that, should the inner insulation be 
separated from the conductor, as by imperfect manu¬ 
facture or by expansion of the conductor in service, the 
screen remains in intimate contact with the paper 
dielectric and the liability of discharge is thereby lessened. 

In so far as the deterioration process has its source in 
the effect of electrical discharges on the impregnating 
compound, the lapping must be considered from the point 
of view of securing the best conditions for the limitation 
of these discharges consistent with the other requirements 
of the completed cable. It is proposed to treat in detail 
with this and other related aspects of the problem in 
another paper, and it is perhaps sufficient to summarize 
the authors’ conclusions in the thesis that the space 
available to discharge, i.e. unoccupied by solid material, 
must have Tninirmnn dimensions, particularly in a radial 
sense, and must be uniformly distributed. Experience 
has shown that it is precisely this variation in the distri¬ 
bution of gap spaces within the insulation which often 
determines the location of the ultimate failure of the 
cable. 

These considerations have led to a search for a quality 
test for the lapping process. Although no single com¬ 
prehensive test is ever likely to embrace all the factors 
involved, some progress has been made in devising^ a 
series of related tests, and mention may be made here of 
the means the authors employ to evaluate the accuracy 
achieved in lapping. By the methods explained more 
fully in Appendix 1, there is obtained a distribution 
curve showing the percentage of tapes falling within a 
given range of break-joint: typical distribution curves 
are given in Fig. 21.* The curve is centred about the 

* The code employed to designate the cable makers is one that is peculiar to 
the authors’ company. 
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designed break-joint and demonstrates a mean divergence 
which is a measure of the accuracy achieved. A useful 
tool in estimating the uniformity of compactness is the 
Styrene wafer of Wyatt, Smart, and Reynar * 

In order to minimize the tracking type of failure it is 
necessary to ensure that the leakage paths connecting 
successive gaps are a maximum, a condition which 
requires a break-joint approaching 50 %. A designed 
break-joint of exactly 50 % may be objectionable from 
other points of view, so that the closeness to which the 
designed break-joint may approach 50 % must be de¬ 
termined by the accuracy with which the machine can 
be set up and the cable lapped. 

In conclusion, some remarks may be made as to the 
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Fig. 21.—Lapping analysis of cable: good and bad 
registration. 

(a) Cable-maker F (1930). 

(b) Cable-maker B (1932). 


effects due to the different cable types that have been 
tested. 

(a) Multi-core cables .—Reference has already been 
made to the superior performance of multi-core, as 
compared with single-core cable of comparable design. 
This observation is a general one, but one specific case 
hjis been quoted which illustrates the point most 
markedly. The vacua set up in this type of cable upon 
cooling are as high as those in single-core cable, thereby 
controverting one reason hitherto offered for the superior 
performance of multi-conductor cables. 

(ft) Intersheath cables .—There have been tested a 
number of cables which embodied an intersheath main¬ 
tained at a floating potential and located at various parts 

* See Reference (10). 


of the dielectric. Whilst it cannot be claimed that 
this feature contributed anything to the satisfactory 
behaviour of these cables, their performance was observed 
to be in no way at variance with the general voltage/life 
curves shown in Fig. 15 and pertaining to their particular 
vintage. This is in line with the conclusions drawn 
elsewhere as to the nature of cable deterioration. 

An objection has been raised that the intersheath 
permits the lining-up of separate points, of weakness in 
the insulation so that ultimate failure may cause break¬ 
downs to occur in more than one part of the cable. In 
the authors' experience this has not proved a serious 
matter, since breakdown of the inner belt alters the 
potential of the intersheath: the outer belt is well able 
to withstand the over-voltage for the period of time 
necessary to detect and protect against the initial fault. 

( c) Multi-conductor ( intersheath) cables .—This type of 
cable embodies features which belong to the previous 
types, so that the preceding observations apply equally 
in this case. 

The outstanding advantages of reduction in the value 
of maximum stress do not extend to the case of the 
60-kV cable of which the life-test history is quoted, but 
operate in the sphere of cables for rather higher voltages. 
However, the performance of the cable on a maximum- 
stress basis and, still more, on the basis of average stress, 
is extremely good in comparison with that of normal 
cables of similar quality. This must be attributed in the 
first place to the factors which also secure the good per¬ 
formance of normal cables of multi-core construction, but 
the fact that the “ maximum insulation thickness ” is 
reduced considerably in this design as compared with a 
standard cable is probably of importance. 


(4) CONCLUSIONS 

As a result of the experience gained in these tests, it is 
felt that the successful operation of solid-type cable at 
60 kV is firmly established. The employment of this 
form of cable in preference to the other types which have 
been proposed should rest on a purely economic basis in 
which the cost of the installed line and its maintenance 
is added to the charges to be attributed to the electrical 
losses involved in operation. In this latter respect the 
stability of the dielectric of sound solid-core cable need be 
in no way inferior to that of other types. 

The deterioration due to the electrical discharges in 
gas pockets can be reduced to negligible proportions at 
the proposed working stresses by due attention to the 
quality of manufacture. In this matter the authors' 
experience suggests that uniformity of impregnation is 
essential, rather than extreme quality. 

The authors’ knowledge of the possible increase in 
“ basic " losses is seen to lack experience in the factor of 
extended time. The requisite elimination of .moisture is 
readily obtained in manufacture and maintained in 
service, but the continued deterioration of compound is 
difficult to avoid absolutely. Nevertheless the authois 
tests, conducted in circumstances far more unfavourable 
than can be guaranteed in practice, suggest that such 
deterioration is unlikely to be a vital factor in the opera¬ 
tion of well-constructed and soundly installed cable. 
Provided that suitable precautions are taken, this effect 
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can be reduced to very small proportions, so that these 
losses need not represent a limiting factor for the tempera¬ 
ture range and the electrical stresses considered, in this 
paper. In any event, the corresponding conditions are 
far more severe in the case of other cable types where the 
level of electrical stress is higher. 

The solid-type cable will always be sensitive to 
relatively small variations in the physical make-up of 
the solid components, although the possibility of trouble 
arising from this cause can be very remote if the quality of 
impregnation be high. Consequently it is concluded that 
the property of mechanical uniformity is vital to success¬ 
ful operation. Obviously, the higher the stress at which 
the cable is worked, the greater the possibility of trouble 
arising from lack of uniformity. The problem of 
ensuring the reliability of 132-kV solid-type cables in 
service is one of quality testing to eliminate lengths of 
cable below a certain standard of mechanical uniformity, 
since economic considerations involve working such cables 
at relatively high stresses. 

To establish the economic basis for the selection of the 
cable type to be adopted for any given application, it 
is the authors’ strong feeling that the same temperature- 
limits may be employed for the class of cable treated here 
as are considered practicable for any type of impregnated 
paper cable. This applies both to absolute temperature 
and to the maximum range of operating temperature. 

The present tests, covering, as they do, cable in which 
the “ geometric factor ” varies between wide limits, 
permit the observation that, with well-made cable, it is 
the maximum electrical stress which is the crucial factor 
in its behaviour in operation. While recognizing, of 
course, that the value of average stress will affect the 
rate of deterioration, the authors rather suggest that the 
maximum stresses considered in relation to the level of 
cable quality will decide whether or not that deteriora¬ 
tion will commence. 

The following two conclusions arising from these tests 
and relating to the installation of solid-core cable are 
put forward in the belief that they will commend them¬ 
selves to the operating engineer:— 

(i) It is impracticable to provide within an end-bell 
sufficient reservoir capacity to accommodate the dilata¬ 
tion of compound associated with a well-loaded cable. 
An auxiliary reservoir under a slight positive pressure 
may therefore be provided: this will serve to relieve 
excessive pressures, which are liable to cause oil leaks and 
to prevent vacua at the cable ends. Alternatively, a 
solid block may be inserted in the cable or in the cable- 
end to isolate the porcelain assembly from the main 
body of the cable: a number of methods of effecting this 
are available. 

(ii) The most stable type of solid-core cable generates 
internal vacua over extended periods of service; this 
imposes stringent requirements in the matter of jointing. 
A pressure-fed joint is a possible solution, but is at 
variance with the authors’ conception of a solid-type cable 
system. A satisfactory alternative is a solidly insulated 
joint which reproduces the cable dielectric and is able 
to withstand in sendee the incidence of low internal 
pressure. , 

The technique of long-period ageing tests as developed 
in this paper imposes more severe conditions than do 


other tests which have been reported. In particular, the 
use of medium lengths of cable with solid barrier 
joints creates conditions which are more nearly similar 
to those of cable as installed in service. 

The greatest existing need in the sphere of solid-type 
cable ts the formulation of an acceptance test which will 
be truly revealing and will serve to reject cable lengths 
containing potential faults: the best interests of cable- 
user and cable-maker alike would be served by such a 
test. Its adoption would permit an immediate sub¬ 
stantial increase in the level of worIcing stress in com¬ 
parison with that proposed to-day. The possibilities of 
finding such a test cannot be estimated, and in default the 
wise cable-maker is forced to adopt an exacting form of 
process inspection which will prevent the occurrence of 
inhomogeneities which experience has shown to be the 
source of trouble in service. The measure of his success 
will only be revealed in the service records of his cable 
in the years which follow. 
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APPENDIX 1 
Lapping Analysis 

When successive tapes of equal width are applied to a 
cable with constant lay, the gap which separates their 
abutting edges tends to increase at a rate which depends 
upon the relative dimensions of the cable and the lay. 
In general practice it is usual to alter the lay from time 
to time: as a consequence the inter-tape gaps of successive 
tapes applied with different lays will be superimposed 
periodically along the cable length. 

In considering tapes applied with the same lay it is 
important that succeeding gaps should be well separated: 
this separation is determined by the initial adjustment of 
the machine in conjunction with the “ wander ” of the 
tape on either side of its designed helical path. It is 
impracticable to study directly the position of each tape 
in relation to the cable length, but if its position relative 
to the preceding tape be observed for a large number of 
positions along the cable length it is possible to deter min e 
the two factors of mean break-joint and percentage 
" wander "; this is of value in relation to the development 
of a lapping machine. In its application to cable inspec¬ 
tion it is sufficient to note the percentage break-joint of 
each tape at any one location relative to the preceding 
tape, where this tape is applied in the same direction with 
the same lay. A distribution curve may then be drawn 
up, as in Fig. 21, which gives a very clear picture of the 
order of adjustment that may be encountered. 

A similar procedure may be followed in plotting the 
actual inter-tape gap, for this will indicate the actual 
“ wander " of the tape, but it is necessary to interpret 
this curve in terms of the lapping design. 


APPENDIX 2 

Visual Assessment of Deterioration 
The deterioration of a cable by waxing proceeds by 
well-recognized stages occurring throughout its useful life. 
Subject to a number of limitations, such as lack of uni¬ 
formity, it is possible to assess its local severity. The 
appearance of the tape alters with time and exposure, and 
furthermore varies in its implications for different types 
of compound. Correlation between cables examined at 
different times and by different observers will therefore 
be difficult, but the method has been found extremely 
useful in noting longitudinal and radial variations in 
cable quality. Ten numbers have been allotted for these 
different stages:— 

Scale of quality 
10 perfect appearance. 

9 oily appearance. 

8 slight dry spots (near gaps). 

7 dry spots. 

6 oil thickening. 

5 occasional wax (near gaps). 

4 general wax. 

3 prolific wax. 

2 very prolific wax. 

1 unwholesome waxed appearance. 

A radial distribution of deterioration determined in 
this way from an average of seven sections is shown in 
Fig. 18. 


DISCUSSION BEFORE THE TRANSMISSION SECTION, 18th JANUARY, 1939 


Mr. J. R. Beard: A large part of the paper is devoted 
to examining the practicability of cables with solid 
insulation for 66 and 132 kV. While I agree that cables 
which can be laid in the ground and forgotten are to 
be preferred to cables which require routine inspection 
and maintenance, it is only on the assumption that the 
former cables can be relied upon to give reliable service 
over extended periods. One or two faults on such a cable 
system may lead to very considerable indirect expense, 
and outweigh any capital or maintenance saving. Those 
who have experienced trouble with solid cables at these 
voltages in the past will, I think, need more assurance 
than this paper at present gives before risking the loss of 
that comparative peace of mind which they have experi¬ 
enced for many years with oil-filled cables and latterly 
to a limited extent with gas-pressure cables. In fact, it 
seems possible that a good deal of time and money may 
be lost in striving for a cable with solid insulation to be 
used at these voltages. 

Tn their summary on page 69 of the fundamental 
points on which the economics of cable design depend the 
authors make no comparisons between the various types 
of cable mentioned. They point out that the working 
stress determines the insulation and to a considerable 
extent the cost of the cable, and on page 81 suggest that 
5 kV per mm. gives an adequate margin for 60-kV solid 
cables; but from the curves in Fig. 16 the margin would 
seem to be negligible, whereas the French 220-kV oil 


cable operates at 9 T kV per mm. and is claimed to have 
a factor of safety of 3^. 

The authors suggest on page 88 that the same tem¬ 
perature limits may be employed for solid cables as for 
any other type, as regards both absolute temperature 
and operating range. Do they mean by this that it is 
possible to exceed the values normally accepted for 33-kV 
solid cables which are already usually exceeded with other 
types ? As regards dielectric loss the solid cable would 
seem to be definitely inferior. The remaining factor is 
the question of deterioration and effective life, and un¬ 
doubtedly this is of fundamental importance. 

I scarcely feel that the authors' work has justified 
their statement on page 87 that the stability of the 
dielectric of solid cable need be in no way inferior to that 
of other types. This can only be determined by long 
experience, whereas the statement appears to be based 
almost entirely on factory tests, which have been shown 
time and time again to be not completely reliable guides 
to experience in practical operation. No doubt factory 
tests are improving, and one appreciates the work the 
authors have done to develop accelerated ageing tests; 
nevertheless, in the past solid cables which have given 
trouble have successfully passed tests which at the time 
were thought to be extremely severe and representative 
of practical conditions. The authors themselves are, 
evidently doubtful, as on page 69 they refer to the fact 
that accelerated ageing tests tend to force the cable maker 



SCOTT AND 


90 

to design against quality tests rather than a^jMtsemce 
performance. If the authors intend this comment 
criticism of tests asked for by the cable users 3 it is some¬ 
what unfair, because clearly the user ^t endeavour to 
safeguard himself, and if the cable makers and the 
British Standards Institution are unable to put forward 
official ageing tests for high-voltage cables the user must 

do the best he can. , 

Again, on page 68 the authors point out that further 

work is obviously necessary before complete elimination 
of solid-type cable deterioration can be achieved and also 
before the ideal acceptance test can be evolved, while on 
page 86 they refer to the fact that their work on solid 
cables has enabled them to appreciate the extreme 
sensitivity of the performance of a cable to small incon¬ 
sistencies in its make-up. Finally, on page 88 the 
authors point out that the greatest existing need m the 
sphere of solid-type cable is the formulation of an 
acceptance test which will be truly revealing^ and will 
serve to reject cable lengths containing potential faults, 
failing which the cable maker is forced to adopt an 
exacting form of process inspection to prevent the 
occurrence of inhomogeneities. As they point out that 
the measure of his success would only be revealed in. the 
service records of his cable in the years that follow, it is 
apparent that the user of such cable would be accepting 

a very onerous responsibility. 

Even if in technical respects the solid cable will equal 
the other types it seems to me doubtful whether it would 
have any advantage in initial cost. Admittedly, oil- 
filled and gas-pressure cables have been more expensive 
in the past, but oil-filled cables have been so successful 
that they are likely to be cheapened by considerable 
reduction in insulation, and the possibility of their 
heavier loading further reduces the difference in cost. I 
imagine that any apparent difference still left would be 
eliminated by the necessity which the authors point out 
for extensive elimination of lengths of solid cable below a 
certain standard of uniformity. 

Apart from the above considerations, one major 
advantage which the solid cable can never have and 
which oil-filled and gas-pressure cables possess is the 
possibility of determining the condition and pressure of 
the oil or gas while the cables are in operation, and so 
keeping a check on any deterioration of the dielectric 
and enabling any faulty cable to be withdrawn from 
service before actual breakdown occurs. 

I am disappointed that the authors have put the 
general emphasis of their paper on the effect of their work 
on the improvement of 66-kV and 132-kV solid cables and 
have not dealt with its effect on cables for 33-kV and 
below. Such cables represent relatively a far greater 
■ investment by cable users, and it seems to me that the 
work of the authors might considerably assist in reducing 
the thickness of dielectric and in increasing the present 
low operating temperatures. In both directions very 
large sums would be saved to the electricity supply in¬ 
dustry. Although on page 69 the authors suggest that it 
is usu all y commercially impracticable for operating under¬ 
takings to take the risk of trying out such improvements, 

I thin k that many undertakings would welcome any such 
opportunity to assist in reducing the cost of high-voltage — 

underground transmission. This has been so in the past, general 


MILDNER: LONG-PERIOD 


and I would mention in particular the valuable work 
carried out on the North-East Coast under the late Mr 
Charles Vernier some 20 years ago, which greatly assisted 
at that time in reducing excessive dielectric t^cknesses 
and raising operating-temperature limits on 11-kV and 

20 i k IouMlL the authors to make clear what they mean 
by the use on page 80 of the phrase solid phase. I 
note their reasons for the choice of 0-a^q.m. 
the most suitable size for general testing, but I think 
there would have been much to be said for considering 
both smaller and larger sizes. On the largersizesin 
particular, troubles have been met with which have not 

shown up on the medium sizes. 

With reference to the M.C. (single-phase) cable, it 
would appear that the making of the joints will be com¬ 
plicated and expensive and that the making of the 
terminations will.be more so. In view of their statemeii 
that the reduction in maximum stress is distinctly 
limited, do the authors think that this design for bO-lcV 
or 132-kV working is a commercial proposition ? 

It would also be interesting to know what happens i f the 
insulation between the conductor and inner sheath breaks 
down. What I have in mind is that probably before com¬ 
plete failure of the insulation occurs at some point on the 
route, the whole of the insulation between the sheath and 
the outer lead will have been subjected to over-stressing, 
and deterioration on many parts of the route may have 
set in. 

In the two conclusions on page 88 the authors state 
that under certain conditions the sealing ends and joints 
would be subject to vacuum and that this should be 
prevented by the use of a solid block in the cable insula¬ 
tion, or a solid joint. Surely this will mean that the 
more highly stressed cable insulation will then be sub¬ 
jected to the low pressures and therefore be liable to 

breakdown. _ 

Mr. P. V. Hunter: It is quite impossible to judge of 
the probable performance of a highly stressed cable from 
any form of acceptance test which has so far been devised. 
What has sometimes been done in order to determine the 
quality of a cable from an acceptance test is to sheath it, 
sectionalize the sheathing, and then test each short length 
of cable so obtained; but that is obviously a quite im¬ 
practicable method for cables for commercial sale. It is, 
however, the only means which I have seen prop>osed 
which would determine the quality of a cable by a test 
after completion. I think that we shall always have to 
assume that the method of manufacture has been care¬ 
fully, properly, and conscientiously carried out, and that 
the type of cable and its performance have previously 
been determined by very careful life tests such as those 
discussed in the paper. I have been advocating this 
form of test for over 20 years. 

The word “ phantom,” which the authors use 'to 
describe the currents superimposed on these cables, gives 
quite a wrong impression of these currents. The authors 
point out that to obtain the loadings which were 
postulated they had to pass 400 or 500 amp. through a 
0 • 2-sq. in. cable, which is anything but a phantom current. 
I hope, therefore, that the expression “ phantom ” as 
applied to these circulating currents will not come into 
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Another point on which I should like to touch is the 
question of uniformity and quality. It is a matter of 
general experience that high quality and uniformity go 
together, and although the authors say that uniformity is 
to be aimed at and is more important than the highest 
quality, I have never yet found a case where improve¬ 
ment in quality does not also give improvement in uni¬ 
formity. Possibly the authors were intending to empha¬ 
size that there is a point beyond which it is not necessary 
to strain after quality. 

In my opinion the worst possible guide to the quality 
and performance of a cable is its operation in service. 
Thus there are 33-kV belted-type cables in operation 
to-day which are giving perfectly satisfactory service 
and have done so for 10, 12, or more years; yet nowadays 
no one would think of making a 33-kV belted-type cable. 
Nevertheless, I should like to emphasize the desirability 
of co-operation between cable makers and supply 
authorities, under controlled conditions, for such co¬ 
operation may be very valuable indeed to the manu¬ 
facturer. To give an indication of the kind of experiment 
to which I refer, 11-kV cables have been inserted in 
commercial 33-kV circuits, the 11-kV cables having less 
than half the sectional area of conductor of the 33-kV 
cables with which they were placed in series. (The reason 
why such a great reduction in the size of the conductor is 
possible is that no operating authority ever loads its 
cables fully except in abnormal circumstances; there are 
normally sufficient spare cables, or the conditions are such 
that cables in general are fully loaded only for a very 
short time in the year. If it is desired, therefore, to 
obtain any idea of the behaviour of cables on load, the 
worst guide possible is the performance of the cable in 
normal operating conditions. The normal loading of the 
33-kV cables mentioned above was probably about two- 
thirds the guaranteed load, and this meant that there was 
an overload, or what would be regarded as an overload, 
on the test cable.) With the friendly co-operation of the 
supply authorities it should be possible to put in one or 
two lengths of such lower-voltage cable, and at the end 
of a year or two to remove half a length and replace it by 
a new and more optimistic one, if necessary, thus obtain¬ 
ing under practical conditions a confirmation of the 
results shown by the authors’ long life tests. 

With regard to the future of the solid impregnated 
cable, my opinion is that it will not be beyond the 
capacity of engineers, when all the conditions are fully 
known, to design a solid impregnated cable which will 
operate just as well as the makeshift cables we are now 
producing. For the oil-filled cable is, after all, a make¬ 
shift, as is the gas-pressure cable; they are both devices 
which have been adopted to eliminate certain troubles. 
The great difficulty in the case of solid impregnated cable 
is^to establish the conditions under which these particular 
sources of trouble—ionization, gaseous discharges, and 
so on—are completely eliminated; in other words, to 
make the cable behave elastically. I do not think that 
the ionization results obtained by the authors in their 
stability test indicate that they are even approaching a 
complete solution of this problem. 

The cable whose life-test history is shown in Fig. 4 
would not necessarily be unsatisfactory in service, because 
it is an established fact that ionization or gaseous dis¬ 


charge has to exceed a certain local intensity before dis¬ 
ruption of any kind occurs; but if one examines the 
ionization curve of an oil-filled cable, a gas-pressure cable, 
an impregnated-paper cable, or any other form of gas 
cable, one does not find anything like what is shown in 
Fig. 4, but just a line starting at and continuing level with 
the origin. Until solid impregnated cables achieve that 
desirable condition, I think very few cable engineers will 
be satisfied that the correct solution of the problem of 
very high-voltage working has been reached. 

Mr. E. B. Wedmore: This paper has helped to bring 
into prominence the importance of ageing and of ageing 
tests, and on the other hand the great difficulty of 
developing adequate ageing tests. The word 4t ageing ” 
has been objected to in some quarters on the ground that 
10 years from now cables will be precisely 10 years older, 
no more and no less. I find that the Oxford Dictionary 
recognizes expressions such as “ causing to grow old ” 
and “ the process of ageing.” It recognizes that an 
accelerated ageing test may bring about something in a 
short time which ordinarily would take longer to bring 
about, and therefore we can correctly refer to " acceler¬ 
ated ageing ” and “ ageing tests.” 

Ageing tests present a very difficult problem. If we 
make an empirical test, which is the cheapest and easiest 
to develop, the results can hold only so long as we are 
using the same material, whereas all the time we are 
trying to alter our materials- and modify our technique, 
thus automatically rendering our empirical ageing tests 
obsolete. A scientific ageing test assumes a knowledge 
of the properties of all the materials involved. Take 
such a simple case as ageing by oxidation. One can 
accelerate oxidation by raising the temperature, but 
what guarantee is there that the degree of acceleration 
will be the same with each of two materials, A and B? 
Again, there may be some material present in minute 
quantities which has the effect of delaying oxidation. If 
the standard is adopted of producing a certain amount of 
ageing by oxidation, by raising the temperature for some 
stated time, the result will depend on whether or not 
these other materials are there present. The material 
which has bad ageing properties may pass the test on 
account of the presence of some material which causes 
the commencement of the action to be delayed. This 
illustration indicates the difficulties of the scientific 
problem which has to be faced in developing an ageing 
test. 

Fortunately, throughout the last 20 years cable makers 
have bought their materials in large enough quantities 
to enable them to be put under scientific control, whereas 
20 years ago the manufacturers using paper in other 
sections of industry were buying very largely on the basis 
of price and appearance, with no ageing tests and with 
hardly any tests of quality. Since then standard speci¬ 
fications have been prepared for some of the papers more 
largely used in industry, but we are still struggling with 
the difficult problem of ageing tests. 

The importance of life tests in the cable industry can 
hardly be exaggerated. The alternative to the cable is 
the overhead line, and we all know the troubles to which 
it is subject. If the cable maker can guarantee a good 
enough performance, I feel that in the future a great many 
more lines will be put underground. 
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The use of power factor as a criterion of the condition 
of insulation has been exceedingly valuable, but I feel that 
we shall hear a great deal more of high-voltage d.c. testing 
as a means of informing us whether the cable is liable to 
give trouble within a certain period. Still more, I believe 
that we shall hear of better methods of observing what is 
going on in a cable than the power-factor test which is 
now used for this purpose. A number of experiments in 
this connection have been made recently with the 
cathode-ray oscillograph, and these have shown con¬ 
siderable promise. 

Dr. P. Dunsheath: I cannot quite follow the authors 
arguments against burying the cable in stability tests. 
It seems to me that the nearer the condition of the cable 
during these tests approaches practical conditions under 
which the cable is going to work subsequently, the better 
it is for all concerned—both makers and users—and the 
more re lia ble will be the application of the results to the 
assessment of the qualities of the cable. There is, of 
course, no real technical difficulty nowadays in the 
measurement of dielectric losses on cables buried in the 
ground. In this connection, also, I am surprised that the 
authors, presumably for reasons of economy, employed 
a smaller type of terminal insulator for their tests than 
that which would be supplied for use in practice with the 
particular cable tested. For instance, on the 66-kV cable 
they used 33-kV sealing boxes. I should be interested 
to know how the authors fared when they submitted the 
results to the prospective customer; my experience is that 
consulting engineers expect a stability installation to be 
as nearly as possible identical in all respects with the 
suggested large-scale installation. 

The authors favour the a.c. method of heating the cable 
while on stability test, but I think that heating with 
direct current is preferable where possible. Suitable 
machines are now available for this method, supplying 
large direct currents at low voltages, the whole of the 
machine being insulated from earth for the full voltage to 
which the cable is subjected in the test. The great 
advantage of using direct current is, of course, that it 
makes possible the avoidance of sheath effects, to which 
the authors refer on page 72. It also makes the sheath 
available for other purposes, such as temperature measure¬ 
ments, or supplementary heating by passing an additional 
current through the sheath under controlled conditions. 

I see that on page 80 the authors, after expressing a 
very lukewarm support of 'the condemnation of calcula¬ 
tions involving inverse roots, immediately quote the 
results obtained by applying a twentieth inverse root. I 
think they must have written the second part of that 
paragraph on a different date from the first part. The 
forecasting of long-time values by this method is, of 
course, quite discredited by present-day conceptions of 
dielectric operation. 

One general criticism may be made on this paper: it 
does not compare strictly side by side two types of cable 
in which only one variable has been introduced; the 
results axe given for two cables, but without a clear 
indication of the difference in result occasioned by a 
particular factor which applies to one and not to the other. 
A glaring example of this defect is to be found on page 86, 
concerning the use of metallized paper. The conclusions 
would have been much more convincing if two identical 


cables had been used—identical, that is, in all respects 
except that one had a plain standard conductor and the 
other a conductor covered with metallized paper. The 
authors also say a great many useful things about inter¬ 
sheaths, but nowhere do they give the results obtained 
on two cables, one with intersheaths and the other 
without. 

There has been a great deal of loose talk in the last few 
years on the question of voids and vacuous conditions. 
It seems to me that there are four inter-related factors 
here: (1) the gaseous void or space, (2) the vacuous con¬ 
dition; (3) the ionization, and (4) the deterioration follow¬ 
ing ionization. The second two are .occasioned by the 
first two, and it is because of the loose way in which the 
two groups are connected, (I) and (2) to (3) and (4), that 
there is a need to-day for some more specific considera¬ 
tion of this question. Uniform manufacture of the cable 
is desirable because of the way in which it controls the 
first factor, and I suppose that to some extent the second 
factor is also controlled by the method of manufacture. 

I see that on page 85 the authors confirm an important 
observation recorded by me in my 1933 paper* which is 
closely related to this question, and that is that if the 
lead sheath of a cable which has a very high degree of 
ionization be cut, and air allowed to enter the dielectric, 
the ionization may disappear. Another important con¬ 
sideration relating to this matter is that failures of these 
early cables nearly always took place at times of light load 
following heavy load. Here again, the vacuous condition 
comes into consideration. Further, on page 82, the 
authors state that low vacua can persist in a cable and be 
accompanied by the most complete stability. Summing 
up these observations then, it looks as though a cable- 
may have a low internal pressure and may have voids, 
but that one without the other may not produce ioniza¬ 
tion and deterioration; danger accompanies the coinci¬ 
dence of these two conditions. 

This suggestion is supported by the conclusion reached 
on page 87, where it is shown that the multi-core cable 
has a better resistance than the single-core cable to these 
deteriorating influences under the same vacuous con¬ 
ditions. This seems fairly easy to explain; it is a result 
of the simultaneous operation of two factors—the vacuous 
condition and the void condition. In the single-core cable 
when the vacuous condition obtains the voids become 
vacuous; in the 3-core cable when the vacuous condition 
obtains the voids which are vacuous are probably not in 
the dielectric, but in the filler spaces, and so the vacuous 
condition does not produce ionization. There is a clear 
moral to all this, somewhat on these lines: improvements in 
manufacture will reduce the chance of a void, but as there 
must always be a risk of a void in a solid dielectric there 
is nothing quite so certain as controlling the pressure 
conditions in the void by a little superimposed fluid 
pressure. 

Mr. K. S. Wyatt: I agree with the authors that the 
usual acceptance tests of cable fall far short of indicating 
the relative values of different makes under operating 
conditions, and that the only way of evaluating cable 
at present is to subject it to some form of load-cycle test. 
Unfortunately, all the load-cycle tests which have so far 
been devised are exceedingly slow and expensive, so much 

* Journal I.EE., 1933, vol. 73, p. 321. 
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so that they have only been used for studying cable 
deterioration and not for specification purposes. 

1 here are so many important variables in load-cycle 
ageing of cable that I think it is safe to say that by far 
the greater amount of work that has been done, although 
it has been a step in the right direction, has yielded results 
of very questionable value. Often terminals filled with 
thin oil under pressure have been employed, thus result¬ 
ing in a solid cable being tested under oil-filled-cable 
conditions. Little attention has been given to care in 
cutting the sample, so that air has rushed in at the ends, 
or, if the temperature of the cable at the time of cutting 
was high, oil ran out at the ends. Unless very carefully 
designed terminals have been employed, leakage of com¬ 
pound out or of air in will occur during test, negativing 
the value of the results. Terminals have been used 
which are filled with bitumastic compound, the air 
bubbles in which act as a cushion to take up expansion 
of the compound in the cable. Unless the terminals are 
isolated electrically, electrical measurements during test 
will have no significance. Even when these pitfalls are 
avoided, most load-cycle procedures do not afford 
anything approaching a fair comparison of quality of 
different makes. 

The work described in the present paper has avoided 
these pitfalls. I should like to ask, however, whether 
there was a complete absence of high-frequency dis¬ 
turbances on the cable during these tests. For example, 
if there are sharp points on the busbar to which the cable 
is connected, so that when it is inspected at night corona 
can be seen, it is very probable that the life of the cable on 
test will be appreciably shortened. It is essential in 
judging results to know that such conditions were absent. 

With regard to basic power-factor, Figs. 8, 9, and 10 
show little or no change in this characteristic with ageing, 
but since the measurements were made at room tempera¬ 
ture they have little significance. Oil-paper insulation, 
even when badly deteriorated, may have low values of 
power factor at room temperature, and should be 
measured at not less than 60° C. Cable with copper 
conductor, after ageing, always shows some increase in 
dielectric loss of the layers near the conductor. It is 
unfortunate that the authors have not shown some 
“ before ” and “ after ” curves of radial power factor; 
these are most revealing. 

They state that in the early cables, failure occurred by 
“ tracking," but in the later cables “ tracking ” was 
absent. Is this not due to the fact that the later cables 
were more compact ? Have the authors related compact¬ 
ness of the layer structure with life? The reason that 
compactness is important to life lies not only in the fact 
that its absence means a considerable increase in the 
volume of oil and hence in differential expansion effects 
on the load cycle, and not only in the fact (pointed out 
by 'the authors) that a loose cable gives rise to high 
dielectric losses at 80° C. and above owing to the pro¬ 
nounced conduction effects in the oil layers, but more 
particularly in the obviously marked stratification of the 
dielectric into oil and oil-impregnated-paper layers con¬ 
sequent upon its absence. Until recently the thickness of 
the inter-layer oil film and its effect on cable charac¬ 
teristics have been matters of dispute. Now, however, 
it is possible by means of the wafer method to measure 


accurately the thickness and distribution of these films. 
It is found that many normal cables possess inter-layer 
oil films the thickness of which is 10 % to 20 % of that 
of the paper tapes, while more loosely wound cables 
possess oil films of still greater radial dimensions. On 
the other hand, a compactly wound cable will have an 
inter-layer oil film so thin that it cannot be seen under 
a high-power microscope. It is a matter of common 
observation in post-mortems of used high-voltage insula¬ 
tion of composite type that at the junction between two 
dielectrics of different permittivity there is a more 
marked deterioration than at other points. This is 
chiefly explained by the sharp potential-drop at such 
junctions. Since oil has a permittivity of 2-3 and oil- 
impregnated paper of 4-7* there are obviously similar 
layer-to-layer potential discontinuities across the radius 
of a loosely-wound oil-impregnated paper cable, so that 
the oil films, having far lower electric strength than the 
paper, are forced to carry the greater part of the stress. 
These potential discontinuities, which are further affected 
by butt spaces and other inhomogeneities, give rise to 
tangential stresses along the surfaces of the paper tapes. 
The consequence is that tracking is made easier. Loose 
winding also provides easily penetrated inter-layer paths 
for the ionized gas stream and thus causes tracking. In 
a compact insulation, on the other hand, inter-layer oil 
films are to a great extent absent, the curve of potential 
gradient is comparatively smooth, and the penetration of 
ionized gas streams between layers is extremely difficult. 
It is believed that tracking and ionization breakdown 
only take place in such a cable under much higher 
electrical stresses. It is also believed that much of the 
published work on tracking has been done on compara¬ 
tively loosely wound cables. 

If the inter-layer oil-film is eliminated by increased 
uniformity and compactness, and a cable made up of 
dense super-calendared paper the surfaces of which 
consist of a tough, almost impervious skin, the oil content 
of the cable will be low and the behaviour of such a cable 
on the load-cycle problematical. The elimination of the 
inter-layer oil-film of a cable constructed of paper having 
a high water-soluble inorganic-salt content will result in 
virtually continuous fibre paths from conductor to sheath, 
along which conduction effects may take place. Elimina¬ 
tion of inter-layer oil films may be expected to improve 
cable only when sufficient inter-fibre oil is present, and 
when the paper and oil are free from inorganic water- 
soluble salts. The increased difficulty in bending cable 
with compact insulation must be taken care of by properly 
adjusting tape tensions and by the selection of suitable 
widths for the tapes. 

The authors refer to the greater probability of early 
failure on test of a long length. Is this not because there 
are periodic mechanically weak spots along the cable 
length which have their origin in the taping assembly ? 
What is the distribution of such weak spots, and how can 
they be prevented; or can the authors suggest a test by 
which they can be located ? What effect does bending 
during installation have on life ? 

A brief description of a load-cycle test now being 
developed in America for specification purposes and which 

* J.B. Whitehead: Transactions of the American I. E.E., 1933, vol. 52, p. 673; 
D. W. Roper: ibid., 1935, vol. 54, p. 323. 
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inni'/a.tioii may have an opportunity of deteriorating the 
is being used by several cable research laboratories may £ this stage of the test an indication of the 

prove of interest. It represents m attempt to_ pnt the oj tte tasu lation with respect to ionization may 

load-cycle test on as scientific a basis as possipie, y btained 

controlling the important variables. In developing me fourth step is to permit the cable to come slowly to 

procedure it is an inflexible rule to test all cables m 1 tempe rature. The voltage is then increased to Si- 
duplicate, for it would be difficult to build up confidence room temp ^ 

in a procedure which would not produce, m a J ac ® fifth step consists in ageing the cable at room 

lengths of cable, results which would agree reasonably ature ivith voltage only. The criteria of quality 

well. Extreme care is taken in the preparation of the time-to-breakdown, ionization factor, and increase 

samples: several yards of cable near the reel end 6Q o c power factor measured at low voltage, 

discarded, the actual cutting being carried out eitne loose mechanical assembly may show ionization 

under oil or under temperature conditions such that htt although if the overlay of the 

or no oil leaks out or air in. Special pressure-tight factors they may yet have a long life. Cable 

terminals are employed which, even with the 3-conductor f. ando m overlay of tapes may break down in the 

design, leave little space to be filled with oil or ccmpou th ^ test Cab i e G f compact and uniform 

after assembly. Insulating sleeves about 6 ft. _ from eany s g . . -- 10/ 


CcU IV - . . , r 1 M in/ 

structure may have an ionization factor of less than 1 /D 
throughout the test. In some cables the ionization is so 
great that during the fifth period of test with voltage 
only and no loading, the sheath temperature may reach 
35 ° to 40° C. In general, the test appears to separate 
good and bad cables satisfactorily. It is, of course, still 

subject to modification. 

The key to the behaviour of the cable on this test 

gradually increasing ax. load to toe conductors (in o-core a PP^ ‘° tbe 

changes°whiSftaJte jrtace tmder tliemilder test described 
temperature of 95 ± 5 C. is reacnea. ino b , sent authors. Whereas the absolute internal 

applied. During toe cycle, gauges are ^ a^lcation of ice may drop to 10 lb. 

to see that the pressure does not rise above . p P _ . legg i e rou gfiiy 5 lb. per sq. in. below atmo- 

sq. in., otherwise the terminals may burst, or leakage oi P T presstire ’ it gradually rises until at the end of the 
compound may occur. The lead sheath gradually yields, spheric pressure, it grauuany ^ _ 


either terminal, carefully applied to prevent inclusion of 
air or vacuous space, isolate the terminals electrically. 
In order to measure internal pressure within the sheath, 
a specially prepared Bourdon tube gauge is wiped to the 
cable at one end. The length of sample may be as little 

, aS 

The ageing procedure consists of 5 steps. The first 
is the conditioning cycle and consists in applying 
gradually increasing a.c. load to the conductors (in 3-core 

, , ___ vim+il a onrvnfvr 


relieving the internal pressure; when the latter does not. 
drop by more than 2 lb. per sq. in. per 24 hours the con¬ 
ditioning cycle is complete. This will require about 
3 days. The purpose of this cycle is twofold: first, to 
stretch the sheath of all makes by a like amount (other¬ 
wise the well-impregnated cable, which under the normal 
load-cycle would stretch considerably, would compare 
unfavourably with the poorly impregnated cable, which, 
by reason of its gas cushion, would show little stretch 
of sheath and hence less marked ionization). The 
equivalent stretching of the sheath of all makes compared 
is the more necessary now that different types of lead 
are being used, resulting in widely different internal 
pressures at which the sheath begins to yield. The 
second object of the conditioning cycle is to redistribute 
the compound uniformly throughout the length, for 
during storage on a reel outdoors the compound tends to 
run from the top of the turns to the bottom. This 
results in ionization spots, making comparison of one 
cable which has been stored for a long time, with another 
more recent cable, unfair. Redistribution of compound 
takes place quite readily in the absence of voltage. 

The second step is to subject the cable to load-cycles 
with 2t times rated voltage, continuously applied. Load 
is applied for 24 hours to bring the cable to 90° C. at the 
conductor. The cable is allowed to cool for 48 hours. 

The thir d step is the ice cycle. At the end of the third 
24-hour heating cycle of the second period, the cable is 
■covered with ice, and the voltage is increased to 3 times 
normal. The cable is kept submerged in ice for 5 days 
(3 days is insufficient). The object of this procedure is 
to create voids throughout the insulation in which intense 


fifth period of the test it may reach 30-40 lb. per sq. in. 
with some makes. The gas is produced by ionization. 

If after only 1-2 days of the ice period some cables are 
given a conditioning cycle, the cable will be rejuvenated, 
the ionization factor will return to low values, and the 
whole ageing process appears to be reversible. If, how¬ 
ever, the ice period has been continued until more positive 
gas pressures obtain, then a conditioning cycle will not 
return the cable to its former condition, i.e. the ageing 
process is irreversible. The explanation perhaps lies in 
the fact that if the ageing is stopped when only small 
amounts of gas have been produced, a conditioning cycle 
may distribute the gas and cause it to dissolve in the 
compound, and no serious ill-effects will be observed. 
But when greater amounts of gas have to be considered, 
then solution will not take place on the conditioning 
cycle; the ionization factor remains high, and failure 
eventually occurs. I believe that the gas-evolving pro¬ 
perties of the compound which result from ionization 
under cable conditions are a major factor in determining 
whether ionization breakdown will occur. Compactness, 
as already discussed, is also thought to exert a decided 
influence on life under high electric stress. Another im¬ 
portant factor is the designed length of " step ’ leakage 
path from conductor to sheath; this is true only where the 
overlay of each tape with respect to the tape beneath it is 
constant, i.e. when there is a sharp peak in the distribu¬ 
tion curve of Fig. 21, as in (a). Where overlay is not 
constant, resulting in distribution curves such as the lower 
one in Fig. 21(6), the minimum leakage path may become 
as a result dangerously short, profoundly affecting life 
under ionization conditions. Although a long leakage 
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path may be obtained by increasing the overlay to the 
region 40 % to 50 %, a high degree of constancy of over¬ 
lay must be maintained, otherwise the cable will probably 
be worse, not better, with regard to life under ionization 
■conditions. Where there are periodic mechanical weak 
■spots along the cable length, these will determine life, but 
■general compactness and the average length of leakage 
path should affect the ionization characteristics and the 
general tracking and deterioration along the length. In 
both instances it is assumed that reasonably good drying, 
■degassing, and impregnation have taken place. 

The over-voltage used in the American tests, 2-| to 3J 
times rated voltage, appears at first extremely high in 
■comparison with the over-voltage used by the present 
authors. Actually, the corresponding maximum stresses 
are used in the present tests because American insulation 
thicknesses are somewhat greater than those employed 
here, and because American conductor sizes are much 
larger, so that there is not as great a difference between 
maximum and average stress. For example, the maxi¬ 
mum stress in an American 3-conductor 24-kV cable of 
in. insulation with conductors of modified sector shape 
is 0-20 kV per mm. per kV, and of extreme sector shape 
■0-23kV per mm. per kV. The maximum stresses on 
the American test would be 7 • 1 to 9 • 1 kV per mm. and 
•8 • 1 to 10 • 5 kV per mm. respectively. These correspond 
to the values of 5 to 7 • 5 kV per mm. employed by the 
present authors. ,J 

The only sure way to improve cable is to adjust the 
•compound, paper, and fabrication by means of the load- 
cycle test. The greatly improved values of maximum 
stress and life indicated in the upper curve of Fig. 15 
show what carefully carried-out research such as this 
■can accomplish. 

Mr. E. L. Davey ( communicated ): The test results 
obtained by the authors on oil-impregnated solid-type 
•e.h.t. cables are typical of such cables. After the tem¬ 
perature cycles have been applied, ionization occurs within 
the dielectric at the rated working voltage of the cables. 

In their conclusions the authors suggest that the 
stability of sound solid-type cables need be in no way 
inferior to that of other types of cables. Such a state¬ 
ment cannot be admitted on the basis of a comparison of 
the results given by the authors for solid cables with the 
results obtained on gas-filled cables* 

The authors’ definition of stability as applied to solid- 
type cables is apparently that the cable system with its 
necessary barrier joints and reservoirs at terminal ends 
shall not suffer a continuously progressive increase in 
ionization during service. This implies that the cable 
■system shall stand up to the service voltage conditions, 
indefinitely, by reason of the dielectric being uniform and 
its thickness such that the working electric stress is below 
the lowest stress value of the stress/time curve for such a 
dielectric with a specified temperature range. 

For economy, it is essential for high-voltage solid-type 
cables to operate at stresses which are very close to the 
stress value referred to above. For instance, on page 81 
the authors mention 50 kV per cm. as a design value of 
stress, while in Fig. 15 the 1 000-day stress value is given 
as approximately 57 kV per .cm, for 1934-35 cables. 

* C. J. Beaver and E. L. Davey: " The Gas-filled Cable,” Paris H.T. Con- 
ference, 1937, Paper No. 204. 


Inevitably a grave risk of service failures due to any small 
variation in the manufacture of the cables must exist 
under such circumstances. 

The illogicality of attempting to press the development 
of solid cables is apparent when the characteristics and 
possibilities of the gas-filled type of cable are considered. 
The design basis of such cables is as follows: (a) There 
shall be no ionization up to at least twice the working 
voltage under any service condition. ( b) There shall be 
no migration or drainage of compound within the cable 
system up to conductor temperatures of 100° C. (c) There 
shall be no necessity to use any barrier joints, reservoirs, 
or accessory apparatus, on any gas-filled cable installa¬ 
tion. The compound/gas ratio of such cables can be, and 
is, adjusted so that the gas density in the region of 
maximum electric stress is constant under all conditions, 
thus ensuring complete immunity from ionization. The 
reinforced sheath is designed to deal with the internal gas- 
pressure variations, without the necessity of cold working 
of the lead sheath and without creep of the sheath. The 
design basis is such that a cable, completely stable both 
physically and electrically, is assured. Such cables have 
been in service successfully for some time now and are 
definitely passing out of their development stage, thus 
demonstrating that they are perfectly practicable. 

An important feature of these cables, apart from their 
complete freedom from dielectric deterioration, is that 
damage to the sheath, resulting in an escape of gas, is 
indicated by a fall of pressure on the pressure gauges on 
the ends of the cable system. The cable system can be 
kept in service by feeding in gas without any harmful 
electrical or physical effects on the dielectric. Such con¬ 
ditions are in marked contrast to those of the vacuous 
solid-type cable system where a leak results in the 
sucking-in of humid air and/or moisture and the first 
indication of trouble is an electrical breakdown. 

Gas-filled cables are economically feasible for voltages 
ranging from the very highest down to at least 33 kV, 
and their non-deterioration properties combined with 
their high current ratings and simplicity are features 
which commend them to cable manufacturer and cable 
user alike. The conception of the gas-filled cable arose 
some 6-7 years ago as a result of a realization of the 
physical limitations of the solid-type cable dielectric. No 
striking development in solid-type cable dielectrics has 
occurred in the meantime, and it is difficult in view of the 
developments‘in the gas-filled cable to understand the 
authors' defence of the solid-type cable. 

When a thoroughly impregnated lead-sheathed solid- 
type dielectric has been subj ected to temperature cycles, 
voids must exist on the dielectric at the; lower tempera¬ 
tures. The gaseous pressure in such voids is of a low 
order, while the radial dimensions in the direction of the 
electric field will be at least equal to the thickness of the 
individual paper strips. It is futile to attempt to use 
such dielectrics for high voltages when other dielectrics, 
perfectly stable both physically and electrically, are 
available. 

It appears reasonable to predict that in future no cable 
user will contemplate using solid-type cables for 66 kV 
and upwards. 

Mr. W. F. Davidson (U.S.A.) ( communicated ): Ameri¬ 
can conditions such as the general installation of cables 
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in ducts rather than armouring and burying in the ground, 
and the tendency to use higher copper temperatures, 
naturally suggest a different answer to some of the 
problems considered by the authors. 

In their discussion of stability during ageing (Sec¬ 
tion 3.32) the authors refer to the problem that faces 
all investigators who are attempting to develop an 
accelerated ageing test—a choice must be made between 
the various alternatives that present themselves. In the 
case of cable, two principal accelerating factors are 
involved: the first is an increase of electrical stress, and 
the second is an increase of temperature—each above 
that anticipated for normal operation of the cable. The 
authors have chosen to concentrate almost entirely on the 
first, and it is in this choice that I would differ with 
them. If I were making a selection, I should give quite 
as much emphasis to the matter of temperatures. 

Although in their Conclusions the authors state " the 
continued deterioration of compound is difficult to avoid,” 
in Section (3.32) they remark that “ From a purely 
chemical point of view it has been established that little 
deterioration will arise from operation at maximum 
temperatures as high as 100° C. provided that suitable 
materials are employed.” My own experience has 
indicated that this last statement is less true than that 
stated in the Conclusions; in fact, we have observed a 
disturbing number of cases in which the dielectric loss of 
the insulation has increased to such an extent as to reduce 
seriously the cable capacity, in spite of the fact that there 
is no evidence of the cables ever having been operated at 
temperatures even as high as those for which the manu¬ 
facturers designed them. 

As an illustration, I would refer to a case which came to 
light recently in the course of an examination of circuit 
loadings for a group of cables installed in a common duct 
bank. It was found that some of these cables, although 
less than 18 years old, had undergone such serious 
deterioration that the dielectric losses at the temperature 
existing in empty ducts of the bank were in excess of the 
heat which could be dissipated from a typical duct. In 
other words, these 15-kV cables were useless for carrying 
load, and the capacity of the entire duct b an k was 
increased by removing these cables from service. This, 
fortunately, was an extreme condition, but test data on 
many samples of 15-kV and 27-kV cable removed from 
service show that it is not unusual to find increases of 
from 6 to 8 or as much as 10 times in the dielectric losses 
measured at 75° C. after cables have been in service for 
10-12 years, -with proportionate deterioration for cable 
of more recent manufacture. It should be pointed out 
that in none of these cases has there been any evidence of 
severe overloading of the cable, nor any evidence to 
suggest that the cables were abnormal in the sense that 
they differed seriously from other cable manufactured at 
the same time and in the same factory. Our investiga¬ 
tions have failed to disclose the fundamental nature of 
the changes that have taken place, but it does appear 
that chemical action of some sort has been largely re¬ 
sponsible and that this is of such a nature as to be little 
influenced by electric stress. Accordingly, higher tem¬ 
peratures seem to be indicated in the choice of ageing-test 
conditions. 

As a corollary to these comments, I should like to 


suggest that more emphasis might well be given to the 
dielectric losses measured at the higher temperatures. 
For instance, in Fig. 7 of the paper it is shown that the 
relative increase in power factor is much greater at the 
higher temperatures than at the lower. Since dielectric 
loss per se is generally of chief interest because of its 
influence on the carrying capacity, it follows that greater 
importance should be attached to the measurements at 
the higher temperature as contrasted with those made at 
room temperature. Furthermore, we might well recog¬ 
nize the human tendency to somewhat ignore changes if 
they appear to be small and to become disturbed by 
relatively large changes. 

Finally, with Fig. 7 in mind, I should like to suggest 
some disagreement with the authors’ explanation of the 
high losses experienced toward the ends of the test length. 
It seems to me rather difficult to explain the large increase 
as due entirely to compound oxidation, and I should be 
inclined to suspect that a very considerable factor was 
the penetration of compound from the joints and 
terminals. 

Mr. W. A. Del Mar (U.S.A.) ( communicated ): Load- 
cycle ageing tests have been in use for several years under 
my direction for the purpose of comparing cables made 
with different types of paper and oil. It was found 
desirable to make a large number of tests of each type 
of cable and therefore a standard size was adopted, which 
would permit the rapid and economical preparation of 
samples. The size adopted was as follows; No. 4/0 
American Wire Gauge, 19/ • 1055 in., having a diameter 
of 0-528 in.; total thickness of insulation, 0-220 in.; 
thickness of lead, 4/64 in. The lead was made thinner 
than usual in order to relieve the pressure on the ends 
and thus make it easier to design ends which would not 
leak under the alternations of high and low pressure 
incidental to the cycles of load. The ends were made of 
bias-cut varnished cambric cemented with Harvel oil-stop 
paint, and contained a metal-foil cone of exponential 
form. Tests were made at a maximum stress of 200 volts 
per mil (7-9 kV per mm.). The stress was applied con¬ 
tinuously except while measurements were being made. 
Phantom current was circulated to give a conductor tem¬ 
perature of 85° C. for 8 hours per day. Cables were laid 
on an asbestos table in the laboratory, in a horizontal 
position. Up to 12 cables, each 15 ft. long, under the 
lead, were connected with their conductors in series, so 
that all -would carry the same current. The total length 
of cable on test at one time was therefore 60 yd. 

The following arbitrary limits were set, for the com¬ 
pletion of each test: (a) Power factor at 85° C., 2 %. 
(&) Difference between power factor at 100 volts per mil 
and at 20 volts per mil, 0-5 %, at room temperature, 
(c) Hottest spot temperature of sheath, 8 deg. C. over 
mean sheath temperature, (d) Breakdown, 

Upon reaching any one of these limits, the cable was 
removed from test, opened, dissected, and submitted to 
the following examination and tests; (1) Magenta tests 
for ” wax,” and general visual examination. (2) Radial 
power factor. (3) Tape tightness by compactness tester. 
(4) Examination of Styrene wafer. 

In most cases the power-factor rise proved the limiting 
feature, and by removing cables from test before failure 
the character of deterioration could be best studied. 
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Cables made in the standard way were tested simul-’ 
taneously with those on which information was desired, 
in order to obtain a direct comparison. When new oils 
or resins were the object of test, they were tested in a 
Nederbragt cell for stability against gassing and rise of 
power factor. 

Power-factor measurements were made not only at a 
conductor temperature of 85° C. but also at room tem¬ 
perature, but the latter were found to be useless except 
for ionization measurements, as the power factor did not 
rise appreciably at room temperature, with ageing, even 
on the worst cables. This is explained by the present 
authors’ observations to the effect that the basic power 
factor at atmospheric temperature is principally deter¬ 
mined by the paper component, whereas at higher tem¬ 
peratures the loss becomes increasingly a function of the 
impregnant. As it is the impregnant which suffers the 
principal deterioration, it is obvious that power factors 
at high temperature constitute the true index of 
deterioration. 

The paper is not quite clear about the temperature at 

NORTH MIDLAND CENTRE, AT 

Mr. W. Dundas : The authors’ suggestion of increasing 
the working stress in the cable dielectric with the object 
of producing cheaper cables presumably refers to cables 
suitable for voltages up to 10 lcV and not beyond. That 
expedient is not likely to appeal to those responsible for 
maintaining supplies, as the importance of continuity of 
supply has reached such proportions that any reduction 
in the factor of safety appears to be a retrograde step. 

The penetration of oxygen into cables when cut for 
jointing is a new factor to be taken into consideration. 
It would appear that it may be necessary to revise the 
present method of jointing when dealing with cables for 
very high voltages, and I would ask the authors whether 
attempts have been made to styrenate the cable near to 
where the joint is to be made before commencing opera¬ 
tion, and if so, with what results. 

Mr. R. M. Longman : I am interested in the multi¬ 
conductor cable shown in Fig. 2, and would ask whether 
the fillers between the cores act as oil reservoirs and 
whether the arrangement gives a better heat-dispersal 
than is obtained with an equivalent single-conductor 
cable. In the Milliken cable the larger conductors are 
split into three or more sectors and give a better heat- 
dispersal than plain cores. 

It is rather singular that one of the first 49-5-kV 
3-core cables of the belted type lasted so long—perhaps 
the looser wrapping of the papers had made possible 
better drying and better filling, resulting in the formation 
of less voids after repeated heating and cooling cycles. 
Many of the troubles experienced with cables in the last 
lb-15 years are due to the fact that much larger sections 
of copper are now in use, 3-core cables up to 0 • 6 sq. in. 
per core and single-core cables up to 1 sq. in. being 
common. 

Fig. 4 shows a minimum temperature of 10° C., but 
cables have often to work at temperatures round about 
0° C., and other difficulties may be experienced at the 
lower temperatures. Stress or condenser cones for end- 
bells are mentioned in the paper, and I can confirm their 
Vol. 85. 


which the power-factor measurements were made, but 
judging from the low values shown in Fig. 4 the measure¬ 
ments were made at room temperature. It is to be hoped 
that the authors will clarify this point. 

Another matter which requires clarification is the 
following: The tests on cables EC58/la and EC59/1 
indicate that normal grading is superior to grading with 
the less dense paper nearer to the conductor. This is 
contrary to the authors’ own theories, because in connec¬ 
tion with their SR cable they say: “It is an essential 
feature of this design that the dielectric is graded so that 
the parts most severely stressed are formed of paper with 
the most highly absorptive qualities.” 

The time is not yet ripe for publishing the general 
results of the load-cycle tests made by the procedure 
which I have described above, but it is hoped that a 
description of the procedure itself may have some value 
in a general discussion of test methods. 

[The authors’ reply to this discussion will be found on 
page 100.] 

LEEDS, 6TH DECEMBER, 1938 

value and importance. The bulk of the 33-kV and 66-kV 
cable end-bells in this area were originally made without 
these cones, but after a few failures had been experienced 
all were remade with the stress cone incorporated, and no 
further trouble has been experienced. 

Mr. K. C. Goop : In the early part of the paper the 
authors say that they had difficulty both in installing and 
in carrying out tests on buried cables. The costs of the 
test also seem to have been prohibitive. I assume, 
therefore, that the majority of the tests were made on 
cables in ducts or on racks and that the results described 
in the paper are only strictly applicable to such forms of 
installation. Will the authors explain whether it is 
possible, and if so on what grounds, to correlate the 
results obtained with those to be anticipated from buried 
cables. 

The authors state, in the section devoted to “ Test 
Results,” that they think it unwise to give the individual 
history of each cable tested, as this might lead to con¬ 
fusion of the issue. Is there not a distinct danger in 
picking out individual cables and attempting from such 
results to generalize as to the behaviour of the class 
of cable ? 

The title of the paper seems rather misleading, as I 
gather that the tests are not made at normal voltage but 
at an over-voltage. It is not clear from the authors’ 
curves what was the correct figure of the applied voltage. 
For instance, according to Fig. 8 it would appear that a 
60-kV cable was tested for 70 days at 45 kV, the voltage 
then being raised for a period of 30 days to 58 kV. I 
understand, however, from the authors’ verbal summary 
of the paper, that the test voltage as stated is the phase- 
to-neutral voltage, the actual applied voltage being 
y\3 times this figure. This represents a 45 % over¬ 
voltage, as compared with the 100 % and 200 % over¬ 
voltage applied in accelerated ageing tests. 

If, with enforced tests of 100 % over-voltage the 
tendency is to “ force the cable maker to design against 
quality tests rather than against service performance,” 
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at what over-voltage may this tendency be said to 

CCcLSC ? 

Mr. F. Gurney: I should like to ask the authors to 
give a definition of the ionization factor in terms of the 
power factors at the two test voltages. 

It is very encouraging to find that they have con¬ 
fidence in the solid type of cable for voltages of 132 k\ . 
One welcomes the possibility of removing all sorts of 
special installation difficulties and incidental expenses 
associated with various other special types of cable for 
this high operating voltage. 

I should like to mention that, sooner or later, we may 
have much cheaper cables for rural electrification. I 
believe some single-strand cables have been produced 
which can be laid across fields and other suitable areas at 


prices which compare very favourably with those relating 
to overhead lines. 

Mr. A. C. Bailey: I note that the end lengths of the 
cable specimens used for test, which are in a vertical 
plane, have a higher power-factor than the remainder; 
I suggest that this is due to the migration of the cable oil. 

I note that many of the authors' breakdown tests have 
been carried out with direct current. It would have been 
preferable, to have used alternating current, as the 
potential gradient throughout the insulation under a.c. 
conditions is different from that prevailing under d.c. 
conditions. 

[The authors’ reply to this discussion will be found on 
page 100.] 


NORTH-EASTERN CENTRE, AT NEWCASTLE, 13TH FEBRUARY, 1939 


Mr. E. E. Dunn: It is good to note the continued 
research toward the perfection of solid-type e.h.t. cables. 
All that can be accomplished in regard to the simplifica¬ 
tion of reliable cables and their associated accessories is 
well worth while from the practical point of view of 
the user. 

With reference to the subject of potential faults, I 
gather from page 84 that within the cable there are 
invariably taking place discharges, which may persist 
down to very low stresses. Perhaps the authors would 
describe, in a little more detail, their radio method of 
detecting these discharges. 

In the Summary, the authors state that “ a relation 
between the over-voltage of the test and the life of the 
cable has been established.” It would be interesting to 
know the form of this relationship, particularly in con¬ 
nection with the application of the relationship to the 
probability of life of solid-type e.h.t. cables which have 
already been in commercial use for a number of years. 

There occurs, on page 78, the statement " the varia¬ 
tion in ionization along the cable length is explicable in 
terms of the impregnation process, and it is reassuring 
to note that the service breakdowns are not coincident 
with the parts most severely deteriorated.” Did these 
breakdowns occur on apparently good insulation, or were 
they the outcome of some of the ” known defects ” ? I 
should be glad if the authors would explain this feature a 
little more fully. In connection with the effect, men¬ 
tioned on page 73, of leakage resistance leading to inac¬ 
curate power factor/voltage curves, have the authors 
been successful in overcoming this by any other means 
than insulating the sheaths from earth ? 

It is stated on page 88 that “ The most stable type of 
solid-core cable generates internal vacua over extended 
periods of service.” This raises my final query: When 
long-established solid-type cables are opened for the pur¬ 
pose of, say, route diversions, is the unavoidable breaking 
of the vacuum likely to cause ultimate failure due to the 
formation of air pockets distributed throughout the 
adjacent insulation ? 

Mr. W. A. Cook: There are two points in the paper to 
which I should like to refer. Firstly, the authors mention 
in the Summary that a relation has been established 
" between the over-voltage of the test and the life of the 
cable.” To what extent is that relationship a definite 


one ? Fig. 15, which appears to be the main evidence for 
this relationship, is entitled “ Trend of improvement in 
e.h.t. cable manufacture.” Whilst the curves in this 
Figure do show a distinct trend, it seems somewhat 
doubtful whether they show a definite relationship, 
because it would appear that a number of alternative 
curves could be drawn with the points shown. Moreover, 
it presumably cannot be assumed that all the cables 
represented on one curve had the same quality of 
manufacture. 

From the theoretical point of view it would appear 
quite possible that one cable, which showed very severe 
ionization at, say, 25 % over-voltage, might show none 
at working voltage; whereas another cable having slight 
ionization at 25 % over-voltage might show very little 
less at working voltage. So that whilst the life of the 
first cable at 25 % over-voltage might be less than that of 
the second, the life at working voltage would be greater. 
In the case of condenser insulators such a state of affairs 
is certainly possible, and a judgment of an insulator at 
an over-voltage is therefore not necessarily a true judg¬ 
ment of it at working voltage. I should like some 
further information with regard to this point. 

The other point is the reference on page 84 to the 
fact that discharges in cables can be heard by the unaided 
ear or by a sensitive radio-receiver. I am not quite 
sure whether the authors intend to indicate that these 
discharges occurred during their tests, or that such dis¬ 
charges occur in cables actually in service. In the latter 
case, have they discovered any method for distinguishing 
between a degree of ionization under which cables can 
successfully operate and a degree of ionization which may 
be harmful ? 

Mr. J. M. Kellas: To what extent have the authors 
found that bending tests and general handling interfere 
with the high standard of manufacture aimed at on the 
larger sizes of cables tested ? 

They quote evidence of the migration of compound 
from the ends of a section of cable towards the centre, 
and attempt to show that if suitable precautions are taken 
this does not materially affect the stability of the cable. 
As practically no cable route is level, have any tests been 
carried out where there is a considerable difference in level 
between the ends of cable sections ? Flow far is such a 
gradient likely to modify the authors’ results ? 
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It would appear that the solid cable for higher voltages 
(66 and 132 kV) aimed at will be of unwieldy dimensions. 
I would refer in particular to the 132-kV cable for which 
results are given on page 78. This cable has a radial 
insulation thickness of 1 • 0 in., whereas the corresponding 
size of oil-filled cable has a radial insulation thickness of 
0-63 in. In addition, the overall dimensions would be 
still further increased by the special core construction 
used. 

Further, for such high voltages, in order to make a 
cable of reasonable dimensions, a higher operating stress 
than 4 • 5 kV per mm. is necessary. According to Fig. 15, 
an ageing test has been carried out at a maximum of 
5-6 kV per mm. on a cable designed to work at 4-5 kV 
per mm. This shows a factor of safety of only 24 %, 
which would hardly satisfy an operating engineer. Have 
the authors any further evidence that higher operating 
stresses than those quoted can be used with safety on 
solid cables ? 

Compared with other researches on high-voltage cables, 
one might suggest that the authors have been tackling 
the problem the wrong way round. Instead of com¬ 
pensating for and overcoming the known changes which 
take place in a cable, they are endeavouring to prove 
that, if special precautions are taken., such changes, do 
not affect the satisfactory life of the cable. 

Mr. H. Parry : I take it that the radial power-factor 
tests mentioned on page 75 were made on papers not 
actually in the cable itself, but taken out of the cable. 

I suggest that it is possible that the power factor of the 
cable when loaded is not necessarily the same as the value 
observed when the temperature is uniform throughout 
the cable. 

As a result of the recent modifications of the Schering 
bridge it may be possible to measure the power factor of 
cables under load. If the authors have done this, will 
they let us know their results ? 

Mr. J. Dickinson: The height to which electrical 
potential can be economically raised depends upon the 
available insulation. If there were no insulation the free 
electrons, which constitute the current, would escape to 
earth without doing any useful work. Hence an im¬ 
portant function of the insulation is to assist in leading 
the energy to the apparatus which is to transform it into 
useful work. 

There is, however, the much more important function 
to be performed by the insulation, that of transmitting 
the energy to the point where it is to be applied, as shown 
by Prof. Poynting in 1884. The metal conductor does 
not transmit any energy. All energy entering the con¬ 
ductor is lost in it as heat. The conductor is not strained 
by the flow of energy around it, since the whole stress is 
borne by the insulation, which is electrically strained as a 
result. This may be appreciated more fully by remem¬ 
bering that it is the strained part of a system that trans¬ 
mits the energy. Hence, the insulation is the energy 
carrier. 

In view of this argument I should be glad if the authors 
would show that a " phantom ” load, such as they have 
used, does really reproduce the important conditions 
obtaining in practice, by actually employing the dielectric 
as the energy transmitter. 

It would appear that failure in cable dielectrics should 


at least be a function of the amount of energy actually 
transmitted. This point does not seem to be referred 
to in this paper, and I feel that it is probably a serious 
omission. 

Mr. E. C.. I. Macdonald: The authors’ multi-con- . 
ductor cable, described in Section (2.21), appears to be a 
somewhat expensive form of construction, and the cost, 
judging from the details given, is rather out of pro¬ 
portion to the maximum possible stress reduction of 
10 % which is quoted. How do the authors propose to 
joint this cable ? Will the three conductors in each phase 
be bunched at the joints, or will they be kept separate 
and the intersheath screens maintained through the 
joints ? 

I suggest that the means adopted by the authors for 
heating the cable under test, described on page 72, is 
hardly a fair method of providing the necessary tempera¬ 
ture-rise, as in service the heat is produced almost 
entirely in the copper. Will not the temperature gradient 
in the cable under the test conditions, with the authors’ 
method of heating, be different from the temperature 
gradient in service; and consequently, will not the 
behaviour of the compound in the cable on test differ from 
that in service ? 

Will the authors explain further their statement on 
page 82 regarding the rate of deterioration in winter as 
compared with that in summer ? Is it their experience 
that the maximum core temperature attained by fully 
loaded cables at, say, the winter peak is actually lower 
than the maximum core temperature at the height of 
summer with, probably, a lower loading ? 

Owing to the small scale of the authors’ life-history 
diagrams it is difficult to see the actual shape of the load- 
cycle curve. Did the cycle consist of a steady load 
switched on for a specified period, during each 24-hour 
period, or was the load varied to simulate a typical system 
load curve? I suggest that experience shows that the 
cyclic variation in loading on cables due to the shape of 
the average load curve has more effect on the life than 
any given steady load. The point is interesting in view 
of the statement in the Introduction as to designing a test 
plant to reproduce the conditions under which the cable 
operated. 

The authors refer to the urgent necessity for devising 
some acceptance test which will serve to reject cable- 
lengths containing potential faults. One of the greatest 
difficulties in formulating such a test is that if it is to 
be of any value it must show up incipient faults or weak 
spots in a given cable-length before the length is aged, 
otherwise there is a risk of cables passing the acceptance 
test and subsequently failing in service. 

Mr. W. A. A. Burgess : The authors make only a brief 
reference to compound expansion, a question which has 
engaged the serious consideration of supply authorities 
and switchgear manufacturers in respect of terminal 
sealing-bells and trifurcating boxes. It is appreciated 
that there must always be a dilation of the normal 
impregnating media, and my experience is that it mani¬ 
fests itself at terminal points, where breakdowns have 
been definitely traced to it. It is indicated in various 
ways, namely by the cracking of a terminal box, by the 
expression of compound through box joints, and more 
frequently by the existence of voids in the box compound 
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round the crutch, where the cable cores are spread, due 
to the cable oil or compound having expanded and dis¬ 
placed the box compound under load conditions and 
having contracted again under temperature conditions 
at which the box compound is not sufficiently fluid to 
follow it. 

From the manner in which they treated the cables 
referred to in the paper, I gather that the authors regard 
styrenation as a universal cure at all junction points. 
Although styrenation may be all that it is claimed to be 
as an insulating barrier joint, yet expansion and contrac¬ 
tion within the cable have to take place; and while the 
authors’ tests would appear to show that the cable is 
capable of dealing with its own expansion and contraction 
problems within a fairly wide temperature range, a 
definite lead is required from the cable makers before the 
switchgear manufacturers can demand styrenation to 
protect them from cable compound expansion. I 
should be glad to see a statement from the authors 
as to the expansion of a normal cable compound, 
in cubic inches, at the end of a standard drum-length 
cable for a range of temperature between 0° C. and 
85° C. 

The alternative to styrenation, from the point of view 
of the manufacturer and the user, in terminal boxes and 
similar devices, would appear to be the use of a box 
compound of the same nature as the cable compound. 
Such a compound might, however, give rise to other 
troubles arising from cracking at low atmospheric tem¬ 
peratures, or from absorption of moisture at higher 
atmospheric temperatures; or again, if the compound 
were of the vaseline or semi-fluid type, it might permit 
water drops to pass slowly through it, all of which would 
eventually lead to the type of fault already experienced, 
and get us no further. I should like the authors’ opinion 
on this subject. 

I am disappointed to find in the paper no mention of 
tests or data in respect of the temperature of cables 
under actual short-circuit conditions. I refer to con¬ 
ditions met with on a 6-kV system, where the short- 
circuit capacity on a major switchboard may be at least 
of the order of 500 MVA, and the corresponding sym¬ 
metrical short-circuit current of the order of 50 kil oa m p. 
These current conditions at 6 kV and higher voltages are 
by no means unusual in the supply industry, and I have 
yet to find evidence of a cable breakdown within close 
proximity of the switchboard (and therefore presumably 
unlimited by the effect of conductor impedance)* in 
which either the conductor has been destroyed or the 
paper has been carbonized beyond a matter 1 of inches 
from the actual fault. 

In a paper of this nature I should have expected some 


THE AUTHORS’ REPLY 

Messrs. T. R. Scott and R. C. Mildner (in reply ): 

Replying to Mr. Beard, we are in agreement that further 
data must be advanced before a strict comparison is 
made between solid-type cables and the other types 
(referred to later by Mr. Hunter as " makeshift cables ”). 
Among other things it will be necessary for corresponding 

* See Journal I.E.E., 1938, vol. 82, p. 4SS. 


reference to the maximum conductor temperature allow¬ 
able without causing permanent destruction to the insula¬ 
tion. This is a matter of vital importance to the supply 
industry, since the data contained in the Cable Research 
Handbook appear to indicate that temperature-rises of 
the order of 500 deg. C. per sec. are possible on a cable as 
large as 0- 25 sq. in. subjected to a current of 50 kiloamp. 
and that a cable as small as 0-06 sq. in. would have a 
temperature-rise of the order of 8 000 deg. C. As far 
as I can see, however, these figures do not take into 
account the increased value of the temperature-rise per 
sec. due to the increase in resistance of the conductor 
with increase of temperature. The value obtained for the 
0 • 06-sq. in cable would cause it to blow as a fuse in 
much less than 1 sec., while the temperature-rise of the 
0-25-sq. in. cable would indicate definite charring of 
paper insulation within 1 sec. 

In spite of this, there are a large number of such cables 
installed throughout the country to-day, and liable to be 
subjected to such currents. The supply authorities con¬ 
cerned are naturally wondering whether there is not a 
cooling effect which has not yet been investigated, or at 
least not yet been reported, which safeguards their cables 
up to periods extending to some 2-3 sec., which is the 
limit imposed by graded overcurrent protection on 
certain systems; or whether they have been merely lucky 
in the past and may expect a future fault of this nature 
to practically destroy a complete length of cable as 
distinct from a very short piece. The authors’ views on 
this subject would be much appreciated. 

Prof. J. C. Prescott ( communicated ): One or two points 
in the paper require, I think, further elucidation; for 
instance, what is the nature of the stress/life curve 
(page 69, middle of col. 1) upon which is based the choice 
of the stress to be employed during the ageing test ? 
Again, on page 78 in the case of the 132-kV cable, how 
was the voltage applied in this case ? It appears from the 
figures given at the top of page 80 that a single-phase 
voltage was used between the cores and the sheath. Is 
this a satisfactory arrangement when the cable in service 
would be used on a 3-phase supply ? 

There is one other point which occurs to me and that 
is in connection with Fig. 1, where the voltage of a high- 
voltage transformer is shown as being measured by a 
voltmeter connected to a tertiary winding. The cable 
loop presumably constitutes a load of considerable 
capacitance, and one would expect that the voltage of the 
transformer would therefore rise above its e.m.f. when 
connected to the loop. Thus, while the tertiary winding 
would indicate the e.m.f., the voltage actually occurring 
at the high-voltage terminals might be considerably 
greater than this. 


TO THE DISCUSSIONS 

test data from long-period ageing tests on these other 
types to be produced for comparative purposes. It should 
be remembered that the solid type of cable is the basic 
cable and that the other types are solid-type cables to 
which have been added certain devices tending to mini¬ 
mize ionization. Thus the oil-filled cable is a solid type 
with ducts and external reservoirs to compensate for oil 
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expansion and with the unfortunate requirement of an oil 
of low viscosity. The pressure cable is a solid type of 
cable working in a high-pressure atmosphere confined in 
a pipe or the equivalent thereof. The gas-filled cable is a 
solid-type cable with part of the impregnating compound 
replaced by high-pressure gas. If our tests had shown 
that the fact of the distension of the lead sheath of a 
solid-type cable during load cycles and the resultant 
introduction on cooling of incomplete impregnation 
within the sheath accompanied by vacuum or low pres¬ 
sure was the sole or chief limitation to the economic 
design of high-voltage cables, we would immediately 
admit the futility of spending money on research on solid- 
type insulation for cables at 60 kV and 132 kV. Our 
tests have indicated clearly, however, that cables can have 
pronounced ionization factors and yet behave satis¬ 
factorily in service. For example, Cable No. E.C.72 has 
a pronounced ionization factor within the ageing test- 
voltage range, and yet, at the date of writing, it has com¬ 
pleted 614 days at stresses ranging from 6 kV per mm. at 
the commencement, stepped up to 6 • 6 kV per mm. at 
108 days, to 7-2 kV per mm. at 200 days, and finally to 
7 • 5 kV per mm. at 365 days. It would appear to us from 
similar results already recorded that this cable will not 
fail at this stress as the result of ionization effects. 
Further, it is believed that a similar cable can now be 
designed and manufactured to surpass this performance. 
We think that this type of result is one of the most 
significant arising from this series of tests. Equally 
significant and applicable to all types of cable is the 
phenomenon illustrated in Figs. 5, 6, and 7, i.e. the 
tendency for the power factor at higher temperatures to 
increase with ageing. We have a tribute to the im¬ 
portance of this aspect in the contribution provided by 
Mr. Davidson, who gives temperature limits priority over 
stress limits, and quotes the importance of the effects 
noted at voltages as low as 15 kV and 27 kV. We would 
reiterate that there are at the moment insufficient 
published data on long-period ageing tests on the various 
types of cable to justify forecasting the eventual 
superiority of one type of cable over other types. We 
cannot accept that accurate estimates of “ factor of 
safety ” can be formulated unless such results are 
analysed, and we question whether it is really scienti¬ 
fically correct to use such a term. Mr. Hunter indicates 
in his contribution some of the difficulties encountered 
in assessing the minimum conductor size and insulation 
thickness capable of meeting the load requirements of 
any given underground transmission line. Nor can we 
admit yet that the provision of means for checking the 
working of the devices incorporated to minimize ioniza¬ 
tion is of necessity a certain safeguard against the progress 
of all types of deterioration which may lead eventually 
to breakdown. 

A further argument in support of the testing of solid- 
type cables is the effect of such development work on 
cables at lower voltages. We would refer again to Mr. 
Davidson’s contribution and would also point out that in 
Great Britain, during the period occupied by the tests 
described in this paper, the permissible temperature-rise 
of 30-kV and 60- kV cables has been increased by over 
50 %; insulation thicknesses have been reduced on 60-kV 
cables and will probably be similarly reduced on cables 


for lower voltages. We would draw attention to the 
results obtained on E.C.62/1, which indicate that we have 
covered the range from 10 to 132 kV. 

It is our experience that in modern cables it is safe to 
deduce design data from long-period tests on a stress 
basis, and that the radial insulation thickness of the cable 
under test is relatively unimportant. The results ob¬ 
tained, therefore, on 60-kV cables, which are in the 
majority in our work, are directly applicable to cables of 
all voltages. 

We agree that it would have been ideal to cover a 
range of conductor sizes, but some limit had to be im¬ 
posed on the scope of the research, and, after due con¬ 
sideration, it was decided that the difficulties introduced 
by the adequate loading of large conductors outweighed 
the probable gain in experience. It was assumed that 
large conductors, whatever mechanical difficulties they 
might introduce, behaved similarly to medium-size con¬ 
ductors in respect of the types of deterioration under 
study. On the other hand, small conductors were 
believed to introduce impregnation difficulties, and there¬ 
fore some small-size conductors were included. 

We would hasten to assure Mr. Beard that in no way 
do we criticize the factory acceptance tests asked for by 
cable users. The fact is that at least one type of defect 
is not shown up by acceptance tests; whether this type of 
defect leads to breakdown in service or not depends on an 
aggregation of circumstances. Hence it is not safe to 
work any type of cable up to its full possible working 
stress. We find, however, that if an ageing test of the 
type described indicates a satisfactory performance at a 
stress of over 7 kV per mm. it is safe to work in service at 
5 kV per mm. all cables of a manufacturing consignment 
which closely resemble the cable tested as described: 
hence our call for uniformity in manufacture. 

The term " solid phase ” is used to indicate the paper 
lapping structure which is the fixed part of the dielectric, 
as compared with the migratory impregnating compound. 

With reference to the M.C. cable, we would state that a 
simple and effective joint is available. The utility of the 
M.C. design will depend largely on the stress value at 
which it is eventually found possible to work the cables. 
The design is of course applicable to all types of cable and 
is not confined to the solid type. A simple arrangement 
can be introduced to trip out the cable as soon as the 
voltage of the intersheath “ wanders ” from its designed 
value. This protective system has the added advantage 
that it eliminates the “ bump ” to the system which 
usually results from a cable breakdown. 

Mr. Beard’s final comment appears to ignore the fact 
that all solid-type cables when off load develop vacuum or 
low pressure in the insulation. If the “ solid phase " is 
properly constructed and the impregnation is good, no 
harm results. In many types of joint and termination, 
however, the " liquid phase ” alone comprises the insula¬ 
tion in the region of maximum stress. Under low pressure 
this " liquid phase ” is electrically very weak. It is there¬ 
fore axiomatic to avoid vacuum in joints and termina¬ 
tions, unless sound paper reinforcement equivalent to 
the cable insulation has been applied therein. 

With the majority of Mr. Hunter’s contribution we are 
in complete accord. The term ” phantom ” refers of 
course to the load on the cable rather than the current. 
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and was adopted from telephone-cable engineering, where 
it is used to describe a circuit superimposed on another 
circuit without addition to the number of conductors. 

We are in agreement -with Mr. Wedmore that in due 
course some standardization of cable-ageing must arise. 
We would point out, however, that separate ageing tests 
under standardized conditions are applied to the com¬ 
pound, to the paper, and often to the impregnated paper. 
The object of the present series of tests was to obtain an 
overall check on the finished cable to obtain some idea, 
among other things, of the relation between material 
tests and cable performance. 

Dr. Dunsheath is correct in stating that there is no 
fundamental objection to tests of the type described being 
carried out on buried cables. After experience on cables 
on racks in air and buried underground we standardized 
on cables in troughs, mainly on the score of accessibility 
and temperature control. It is desirable to be in a 
position to reach, in winter, temperatures lower than 
those obtained at, say, 3 ft. underground. Dr. Dunsheath 
in this and in his insulator query appears to overlook that 
these tests were conducted mainly as a scientific investi¬ 
gation into cable behaviour and not as commercial tests 
for customers. Since the terminals were sealed off from 
the cable by styrene joints the only risk we took was that 
electrical discharges in the end-bell might adversely affect 
the cable insulation—a phenomenon to which Mr. Wyatt 
refers. It may be that such discharges have an appreci¬ 
able adverse effect on the cable performance, but it is our 
feeling that, in view of the fact that such conditions are 
liable to be encountered in service, these discharges should 
appear as an essential feature of the ageing test. 

We agree that the use of direct current for heating the 
cable has certain advantages in cases where it is desired to 
test 3-phase cable with single-phase over-voltage. On 
the other hand, the flexibility of the a.c. method of heat¬ 
ing and the very possibility of controlling the sheath 
losses by the disposition of the cable-run represent 
advantages which the alternative method lacks. We 
have no rooted technical objections to the adoption of 
the d.c. method. 

We would wholeheartedly condemn the application of 
the inverse power law to the calculation of long-period 
breakdowns from short-time breakdown results by extra¬ 
polation of results. Our application of an inverse power 
law is perfectly defensible as a convenient statistical 
method of reducing to a common basis the results of long- 
period ageing tests at a series of voltages raised in small 
steps. The particular power value selected was based 
on average curves obtained on a large number of samples 
tested over a range of stress which amply embraces the 
stresses for which adjustment is required. We think, for 
example, that the life history of E.C.72 as quoted above 
to Mr. Beard can be reduced by the inverse power law to 
an equivalent number of days at, say, 6 kV per mm. 
Further investigation is necessary, but we see a clear 
distinction between the two uses of the inverse law. 

We cordially support Dr. Dunsheath’s analysis of the 
void-vacuum-ionization condition, with the exception 
that when he refers to a void within a cable we would 
substitute " void within the insulation.” Thus a single¬ 
core cable with distended sheath may have voids within 
the cable sheath but yet not within the cable dielectric. 


In the case of 3-core cable the chances of the void occur¬ 
ring outside the insulation are increased: hence the better 
average performance of the 3-core type. 

Mr. Wyatt refers to the desirability of eliminating the 
inter-layer oil film. We would suggest that he really 
means the reduction of the thickness of this film to ultra- 
microscopic dimensions—a state to which he refers earlier 
in his contribution. We can foresee that bending and 
other difficulties might occur if the film were totally 
eliminated. 

Secondly, we would refer him to our objections 
(page 68) to the American type of accelerated ageing 
test, which he describes in an amplified form. Mr. Wyatt 
indicates that the test requirements of 2| and 3|- times 
working voltage at present result in stress values which 
do not differ greatly from the values we are now reporting, 
e.g. 7-8 kV per mm. If, however, the American cable 
makers reduce insulation thicknesses and raise the working- 
stress value we do not think they should be asked to meet 
tests scheduled up to 17-20 kV per mm. It is admitted 
that if accelerated ageing tests are to be canned out in a 
short period of time the conditions must be made severe 
enough to aggregate in a short period of time the deteri¬ 
oration normally effected in a period of years, but the 
difficulty is to strike a happy mean between service con¬ 
ditions and conditions which inevitably force breakdown 
in a few hours. 

Likewise, cables maybe able to work satisfactorily up to 
some maximum temperature less than 90°-95° C. and yet 
not be able to produce acceptable results on the type of 
test described by Mr. Wyatt. It appears to us that if a 
batch of cables were subjected to the American type of 
test there would be a likelihood of rejection of not only 
the really bad cables which would fail in service, but also 
of a number of satisfactory cables, leaving only the 
superlative cables as survivors. If it is claimed that our 
type of test is too slow and expensive it may be considered 
that the American test should be used but with several 
samples of each cable available, so that if failure occurred 
under the most severe conditions the test might be 
repeated under less stringent conditions, and this reduc¬ 
tion in severity might be repeated in steps until the 
quantitative quality standard of the cable in question 
is evaluated. This suggestion is, of course, made from 
the point of view of the cable maker who is anxious to 
build up the quality of his cable by changes in design, 
materials, manufacturing processes, etc. We note, for 
example, that Mr. Del Mar in his contribution describes 
tests carried out at 85° C. and 7 • 9 kV per mm. Doubtless 
he would propose to increase the severity of the tests as 
soon as he was satisfied with the performance under these 
initial test conditions. 

We disagree with Mr. Davey’s view that all research 
work and development work on other types of cabte 
should be discontinued in view of the entry of the 
gas-filled cable into the commercial field. We think 
that the best interests of both cable users and cable 
makers will be served by careful cataloguing of the 
performance, economics, and other characteristics of all 
possible types of cable, so that choice of a cable for any 
specific transmission line can be made on a sound 
engineering basis. We feel that the best basis for assess¬ 
ing the performance of any type of high-voltage cable is 



AGEING TESTS ON SOLID-TYPE CABLES: DISCUSSION 


103 


the result of long-period ageing tests in conjunction with 
searching laboratory tests on both new and aged cable. 

We are very interested in Mr. Davidson’s contribution, 
especially in respect of the firm stand he takes with regard 
to the importance of tests at high temperatures. We 
would point out in partial defence of our own attitude 
that the American requirement of transmitting maximum 
lcVA through existing duct lines is not a normal require¬ 
ment in this country. The allocation of importance as 
between stress and loading capacity is therefore some¬ 
what different. At the outset of the tests, some 10 years 
ago, we catered for a temperature-rise which was almost 
double that specified at that time, but events have shown 
that we ought to have aimed higher, and arrangements 
are being made to extend the temperature range. 

With regard to the possibility of .working cable insula¬ 
tion at 100° C., we would point out that in recent cables 
in our tests there is little sign of “ oxidation ” deteriora¬ 
tion in the cable except at the ends, and that even this is 
reduced to a small value by taking due precautions during 
manufacture and by using joints of the styrene type 
which have no gas cushions or compounds of a differing 
type. It is perhaps true that" oxidation ” can occur even 
in the absence of gaseous oxygen, but it appears to be 
possible to avoid the use of compounds susceptible to this 
form of deterioration. 

The analysis in detail of the results obtained on cables 
Nos. E.C.58 and E.C.59 cannot be dealt with in this paper. 
The data were included merely to illustrate the type of 
information obtained by tests of this type and to under¬ 
line the fact that breakdowns do not necessarily occur 
at the points of highest ionization or deterioration. 

We cannot agree with Mr. Dundas that it is a retrograde 
step to reduce the insulation thickness of cables when 
tests of the type described by us prove that it is safe to do 
so. The process of cheapening e.h.t. cables by decreasing 
their size is continuously proceeding and is in fact urged 
on the cable makers by cable users in all parts of the 
world. The paper deals with cables for voltages from 
10 kV upwards. Below 10 kV the problem is more one 
of mechanical structure and strength than of electrical 
deterioration. 

Any precaution taken in jointing e.li.t. cables to 
prevent the ingress of air is certainly advantageous. 
Styrenation. in its normal form is hardly suitable, but pi 
is hoped that a modified form may be developed to meet 
this point. 

The design of the M.C. cable shown in Fig. 2 is founded 
on a stress formula such that the thickness of insulation 
around each “ sub-conductor ” is proportioned to the 
size of conductor and the total thickness of insulation in 
terms of the well-known logarithmic stress law. In the 
case of the Milliken cable referred to by Mr. Longman the 
design problems are electromagnetic rather than thermal, 
and the thickness of insulation between sub-conductors 
is of minor electrical importance. Also, of course, no 
screen or intersheath is required in the Milliken cable. 
We consider that the fillers between the screened cores 
do contribute to the efficiency of the cable, but we are not 
quite sure of the reason for this. 

We cannot subscribe to the view that the loose wrap¬ 
ping of the paper tapes can improve the performance of a 
cable, and we feel that the explanation of the results 


quoted by Mr. Longman with reference to early 49 • 5-kV 
cable must be sought elsewhere. 

We would refer Mr. Coop to our reply to Dr. Dunsheath 
with regard to tests on buried cable. As far as ageing 
tests and deterioration analysis are concerned there is no 
difference between cables laid in troughs and buried 
cables, except that in troughs we can at times reach 
temperatures round 0° C. which would be unobtainable 
on buried cables. We can therefore increase the severity 
of the tests and make them representative of conditions 
of cables in ducts and air, and also of buried cables, in 
other countries. We discontinued the testing of cables 
in air and on racks for the reasons given on page 82 (see 
Fig. 16). Having obtained the temperature-range value 
over which it is safe to work a cable, we can convert this 
into current capacity for any type of laying in terms of 
the well-known researches of the Electrical Research 
Association published from time to time. 

The test voltages recorded are all single-phase and can 
therefore be converted to 3-phase voltages by the use of 
a multiplying factor of -\/3. 

It is probable that Mr. Coop’s queries regarding over¬ 
voltage have been practically answered by Mr. Wyatt’s 
detailed description of the American accelerated test and 
our comments thereon. In Fig. 15 we have drawn some 
stress/life curves which illustrate the reduction in break¬ 
down value with the duration of the test. Taking the 
1929-30 cables we could have made accelerated ageing 
tests at 2\ times working stress (say 10 kV per mm.) and 
achieved breakdown in less than 2 days: at 25 % over¬ 
voltage we obtained a life of the order of 1 000 days and 
could estimate that a working stress of 4 kV per mm. was 
a practicable proposition. If we arbitrarily fix the 
minimum requirement for the short-time test at any 
period in excess of 2 days we should only be able to 
record failure and not be able to make any constructive 
proposal for a safe working stress. We attempt to find 
the voltage or stress which the cable will withstand with¬ 
out failure for a period of long duration; the “ over¬ 
voltage ” factor is then arbitrarily determined by the 
selected working stress of the cable. Actually E.C.47/10a, 
the cable referred to, was purposely raised to a voltage 
which would induce breakdown round about 100 days 
and so aid the determination of the form of the 
stress/life curve. On the other hand, a 60-kV cable 
made to-day would probably withstand 58 kV for at 
least 500 days, and we should have to increase the 
voltage quite appreciably to ensure breakdown at 100 
days. We maintain our claim that long-period tests 
at lower voltages are more useful to the cable maker in 
assisting him to design for service performance, i.e. for 
long-period life. 

We welcome Mr. Gurney's support of our contention 
that there is a considerable field for solid-type cables in 
the range 10 to 132 kV. The ionization factor in all cases 
is the difference in dielectric power factor between 
measurements taken at a high voltage and at a low 
voltage. Thus, for example, if the power factor at 
75 kV is 0-4 % and the power factor at 15kV is 0-3 %, 
the ionization factor is 0 -1 % (15 to 75 kV). 

Mr. Bailey’s contention regarding the effect of migra¬ 
tion would probably be correct for cables working in 
service under the conditions described, at least so far as 
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power factor at high voltage is concerned, i.e. ionization 
factor. It might also be true of " oxidation ” deteriora¬ 
tion in which air or different-type compound migrated 
into the cable from the termination. In our tests the 
vertical run was in general sealed off from the cable under 
test, so that migration from the termination is not the 
sole reason for the phenomenon. 

Mr. Dunn appears to have misunderstood the para¬ 
graph on page 84. When ionization is taking place and 
spark discharges are occurring in the cable under test 
they can be heard by the unaided ear and located in 
position along the cable length. If they are very faint 
they can be heard by using a radio receiver, but in this 
case it is impossible to obtain accurate location. 

It is impossible, unfortunately, to construct a stress/life 
curve for any given cable unless the cable is divided up 
into a number of sections which are tested similarly 
except in respect of applied voltage. It is, however, 
possible by using different stresses on different cables to 
obtain a series of points indicating breakdown at various 
times, so that an average stress/life curve is constructed. 
We would refer Mr. Dunn to our reply to Mr. Coop. 
Over-voltage testing with alternating voltage will not give 
an answer to the problem of determining the life of a 
cable in service except in so far as the removal of a 
portion of the cable from service and the application of 
tests similar to those recorded in Fig. 12 gives an approxi¬ 
mate answer. 

The " known defects ” were, in general, lapping defects 
and, when these are present, failure may occur at such 
spots in preference to more highly deteriorated spots. 
The fact that the thoroughness of impregnation has 
varied along the length, or the fact that air has entered 
at the ends, does not make breakdown occur inevitably 
in these regions of inferior quality if a serious lapping 
defect has occurred elsewhere in the length. A " serious 
lapping defect ” must be evaluated in terms of the voltage 
or stress applied; it does not follow that it would cause 
breakdown at the service voltage or stress; it does, how¬ 
ever, cause in general a serious deviation from the normal 
stress/life curve. 

There are well-known alternative methods for com¬ 
pensating for leakage effects in dielectric-loss measure¬ 
ment, most of them being effected by modifications of 
the bridge circuit, but the simplest method of elimination 
is the insulation of the sheath. 

Mr. Dunn is correct in his assumption that care should 
be exercised in cutting solid-type cables which have been 
in service for some time and which are being diverted or 
similarly modified. There is a danger of ingress of air, 
with consequent stimulation of ionization and deteriora¬ 
tion.. It does not, however, follow that breakdown will 
inevitably occur as a result of this. 

In reply to Mr. Cook we would state that we do not 
base our conclusions entirely on Fig. 15, as can be seen 
rom our reply to Mr. Coop. With experience of a large 
number of tests, however, it is possible to estimate that a 
certain range of stresses will cause breakdown in approxi¬ 
mately 10 days, 100 days, and 1 000 days respectively, 
and these forecasts are fulfilled within reasonably narrow 
limits. Within that time range the curve of a batch of 
cables of approximately similar manufacture is therefore 
reasonably well established. The characteristic curve is 


only established, it is true, provided the batch of cables 
have a reasonably high degree of uniformity in manu¬ 
facture ; hence our claim that uniformity of manufacture 
and of test results, in terms of factory acceptance-tests, 
is a primary requirement. 

While it is desirable that every effort should be made 
to eliminate ionization, our results show that ionization 
per se does not necessarily bring about breakdown, 
although it does produce deterioration and weakening of 
the cable insulation. Two cables with similar ionization 
factors over different voltage-ranges, e.g. 15 to 40 lcV in 
one case and 15 to 50 kV in the other are not uniform 
and may be expected to show different degrees of deteri¬ 
oration after life testing, but there is no evidence that 
either will fail in service if the service voltage is chosen so 
that the weakening effected by this deterioration does not 
reduce the strength of the insulation to a point where 
breakdown is inevitable. 

The audible discharges referred to occur whenever 
ionization occurs, and they persist so long as the ioniza¬ 
tion persists. If a cable removed from service shows 
visible signs of deterioration, it follows that audible 
discharges have occurred over some period of service. 
Naturally, in over-voltage tests the phenomenon is more 
common. 

If it were possible to estimate the duration of life from 
the ionization factor of the cable it would not be necessary 
to make ageing tests; the results of ageing tests only go 
to show that the ionization factor per se is a very poor 
guide. 

In reply to Mr. Kellas, bending tests are applied to 
cables to check the degree of distortion and damage 
effected by a severe bend, and in practical installations 
care is taken that all bends which occur during handling 
and installation are less severe than that applied in the 
bending test. In our ageing procedure the cables have 
been installed in circumstances corresponding to difficult 
conditions, particularly in the later tests, where the 
cable has to be pulled with severe reversed bends over 
the parapet of a building about 30 ft. high. Generally 
speaking, the cable design is perfectly adequate to with¬ 
stand this treatment without diminution of quality. 

No data regarding the behaviour of cables on gradients 
have been included in this paper, for the reason that the 
problems investigated are sufficiently complicated with¬ 
out the additional factors of resistance to fluid flow and 
hydraulic head being introduced. Following hydraulic 
measurements on cables, however, and applying there¬ 
from rules regarding the application of stop-joints at 
selected positions, the test results of this paper have been 
applied successfully to 60-kV cables on extremely severe 
gradients, the cables have behaved satisfactorily. 

The expression “ unwieldy dimensions ” is somewhat 
qualitative, for a 132-kV cable is naturally a single¬ 
core cable and, even if of the solid type, is no more un¬ 
wieldy than, say, a 33-kV H.S.L. 3-core cable; it is less 
unwieldy than a 60-kV H.S.L. 3-core solid cable which 
we have manufactured and installed with complete 
success. . In comparing oil-filled cables and solid-type 
cables dimensionally it is important not to forget the 
space occupied by the oil duct and any necessary pro¬ 
tective coverings; and, in congested urban districts, due 
weight must be given to the total space occupied by both 
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types, including space for joints, oil reservoirs, etc. On 
the question of stresses and factors of safety we would 
refer Mr. Kellas to our reply to Mr. Beard. 

Mr. Parry is correct in his assumption that the power 
factor on load is, or can be, different from that at 
equivalent conductor temperature but with no tempera¬ 
ture gradient across the insulation. We are afraid, how¬ 
ever, that we cannot quote comparative values; these 
would in any case be different for every cable in which the 
radial power-factor curve, taken as Mr. Parry assumes, 
was of different shape. Radial power factors are usually 
measured at 60° C., this temperature being arbitrarily 
chosen as the one likely to give the most informative 
results. 

Mr. Dickinson has raised a very interesting point. He 
cites Poynting’s theorem to question the very foundation 
upon which the whole edifice of the accelerated ageing 
of cables is based. In view of the known variation of 
electric strength exhibited by materials in strong mag¬ 
netic fields, it is reasonable to assume that the variation 
of energy strain might well affect pure electrical break¬ 
down. But for cable insulations such breakdowns occur 
at peak stresses of not less than 120 kV per mm. and so 
are far removed from the deterioration phenomena, with 
which we are concerned, at stresses of 5-9 kV per mm. 
In our ageing tests the application of potential to the 
conductor of the cable reproduces in the dielectric con¬ 
ditions which result in certain behaviour not greatly 
different from the dielectric behaviour when energy is 
being transmitted: the loading current which constitutes 
the phantom load is merely a device to establish certain 
physical conditions within the cable, and to produce 
approximately but reasonably accurately the thermal 
gradient which will occur in service. The results ob¬ 
tained are therefore claimed to be a practical reproduc¬ 
tion of service conditions. From the practical point of 
view this has been checked by removing cables from 
service and studying their deterioration characteristics in 
contrast with cables aged by life tests. There are, of 
course, important differences in the actual break¬ 
down effects according to the energy conditions per¬ 
taining. 

We agree with Mr. Macdonald that at first sight the 
M.C. cable appears to be an expensive form of construc¬ 
tion. The design has, however, special applications in 
cases in which high working voltages are involved, and the 
ordinary type of design introduces a maximum-stress 
value which is greater than that considered safe for the 
cable in question. It has to be noted that the design is 
applicable to all types of cable and is not restricted to 
solid-type cables. In the case of the 132-kV solid-type 
cable where large values of insulation are involved and 
where comparatively large increases of insulation are 
required to effect a 10 % reduction in maximum stress, the 
question of cost becomes important; also we appear to get 
a gain in quality from the presence of the fillers. 

The joint can be made by bunching the cores if desired, 
but preferably it is made by reproducing a screened 3-core 
cable lapped joint, similar, for example, to that of a 
33-kV " H "-type cable, screening this joint and there¬ 
after making any standard type of single-core joint. 

Mr. Macdonald's query regarding the use of sheath 
circulating currents is actually answered in the sentence 


following the one he quotes (page 73). It is surely 
permissible to bring the sheath temperature up to a value 
which would be a service value in the case of buried 
cable. The behaviour of the compound is accordingly 
representative of that occurring in buried cables. 

The reference on page 82 to greater deterioration in 
winter than in summer refers to our experience in ageing 
tests, and is explained by the fact that when the cable is 
off load, but still under voltage, its temperature is lower, 
the contraction of the compound is enhanced, and void 
spaces within the sheath are increased in volume. It 
might apply also to cables under certain conditions in 
service where the peak winter loads, coupled with reduced 
ambient temperatures, subject the cable to daily varia¬ 
tions of temperature of greater range than are en¬ 
countered with the low peak values and high ambient 
temperatures which obtain in summer. The life-history 
diagrams in the paper only indicate the daily maximum 
and minimum temperatures, i.e. the temperature range 
for the day. They do not show the temperature/time 
characteristic. The loading procedure is given on 
page 73. We agree that cyclic variations of the load 
have an important bearing on the life, but we claim that 
no more severe condition can occur in service than the 
application of full load for a period of the order of 8 hours 
followed by an immediate fall to "no load ” with the 
cables in troughs exposed to atmosphere. It is true that 
several load cycles may be necessarjr before the lead 
sheath is distended to its final value, but this is relatively 
unimportant when a large number of heat cycles are 
included in the test. 

Mr. Macdonald half states the difficulty of devising an 
acceptance test; it must reveal defects which will cause 
failure even if no deterioration occurs in service, and it 
must also reveal defects which will only become of im¬ 
portance if deterioration occurs. 

Mr. Burgess puts up a very difficult problem for solu¬ 
tion; before the specific quantitative query postulated 
could be answered it would be necessary to have many 
further details concerning the length of cable in question. 
If the cable were laid approximately horizontally, the 
switchgear manufacturer would only have to deal with 
the excess oil arising from the thermal expansion of 
compound situated in a few yards of cable adjacent to 
the switchgear. The exact number of yards, and hence 
the volume of compound to be dealt with, depend on 
the hydraulic resistance of the cable per unit length, the 
viscosity/temperature characteristic of the compound, 
the resistance of the sheath to distension, or otherwise, the 
stress/time/distension characteristic of the sheath, and the 
shape of the load curve. Approximate values can be 
given for the various types and sizes of cable—hence the 
general success of joints and terminations in service. 
Occasionally, however, local conditions cause serious 
deviations from the normal values and the phenomena 
described by Mr. Burgess are experienced. Gradients of 
course aggravate these conditions. 

The use of cable compound in the box is of course 
desirable from the point of view of the cable, but from the 
point of view of the phenomena described by Mr. Burgess 
it would probably involve in many cases redesign of the 
switchgear box. 

The detection of the value of short-circuit current 
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which sets up deterioration in the cable insulation such 
that breakdown eventually, but possibly after a long 
period, occurs is an extremely difficult measurement. 
Until this part of the problem is solved it is difficult to 
state the relative effect of currents of the order of those 
quoted by Mr. Burgess. 

We would draw the attention of Prof. Prescott to the ' 
general relationship between stress and life which we 
have determined for the various classes of cable con¬ 
sidered (see Fig. 15). All the tests reported have been 
carried out with single-phase voltage applied to screened 
cable. Inasmuch as we have endeavoured to maintain 
conductor and sheath temperatures at a level rather more 


elevated than occurs in severe practical conditions, we 
feel that this arrangement is quite satisfactory. 

With reference to our use of the tertiary winding for 
the indication of output voltage, we have of course 
determined its accuracy for different conditions of load. 
On no-load and at full voltage, the voltage indicated on 
the tertiary winding is approximately 1 • 5 % high, whilst 
with a capacitance load equivalent to 60 % of full load 
the indication is 2 • 7 % low. We have therefore judged 
the design of the tertiary winding to be satisfactory and 
sufficiently accurate for normal usage. Where extreme 
accuracy has been required we have of course employed 
alternative methods. 
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SUMMARY 

The paper deals with the development of the electrolytic 
condenser which is now so widely used in modern radio 
receivers and in amplifying apparatus. 

A brief historical survey is given to indicate the lines of 
development which have led up to the modem designs. This 
is followed by descriptions of the construction and chief 
electrical properties of the various types of condensers which 
are now used. These properties influence to a very great 
extent the manner in which the condenser can most econo¬ 
mically and usefully be employed. 

Various theories have been put forward to explain the action 
of electrolytic condensers, but some of these do not now 
appear to be adequate. A critical summary is given, with an 
expression of views as to the most likely explanation. 

The manufacturing methods are treated at some length, 
together with the considerations which influence the employ¬ 
ment of these condensers in various practical applications. 
A standardized method of test is recommended to secure 
uniformity in assessing their properties. 
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(1) INTRODUCTION 

Electrolytic condensers have come into general use only 
in the last decade, as the result of intensive commercial 
development. Their beginnings, however, can be traced 
back at least three-quarters of a century. For years 
chemists and physicists have been experimenting with 
various types and speculating on the theory of their 
operation, but it is the interest of the electrical engineer 
which has led to recent advances in the manufacture and 
utilization of electrolytic condensers. 

Aluminium and certain other metals—such as vana¬ 
dium, niobium, bismuth, antimony, and, notably, 
tantalum—can be 'used to construct this type of con¬ 
denser. The clean metal itself cannot be made per se into 
a condenser, but it is necessary to " form ” it, i.e. give it a 
layer'of dielectric upon its surfaces, before it can function 
satisfactorily as a condenser. This “ forming ” process 
is usually carried out by electrolysis. The development 
of much improved means of effecting this " forming ” 
process (or “ pre-forming ” process, as it should more 
correctly be termed) constitutes in fact the major portion 
of the recent advances that have been made in the 
practical manufacture of these condensers. 

Many different varieties of such condensers have been 
made, but considerations of size, cost, and constancy have 
made aluminium electrolytic condensers practically uni¬ 
versal. Apart from short references to other types, this 
paper will, therefore, deal almost entirely with the charac¬ 
teristics and uses of various types of aluminium 
condensers. 

If an aluminium anode is immersed in a solution of 
ammonium borate, for instance, and connected to a d.c. 
source through a variable resistance, the initial current 
will be that determined by the resistance in the circuit. 
Gradually, however, the aluminium will ,f form ” up and 
the current wall decrease. If the resistance is varied to 
keep the current constant, the p.d. across the cell wdll 
vary with time in the manner shown in Fig. 1. 

At a certain point A the aluminium anode will be 
covered with sparks, and above this sparldng voltage the 
rate of increase of p.d. wdll fall. After a further rise to 
the point B, the p.d. wdll become stationary. If a 
voltage higher than this breakdown value is applied, the 


* Dubilier Condenser Co. (1925), Ltd. 


f Borough. Polytechnic, London. 
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resistance of the cell breaks down and electrolysis takes 
place in the normal way. 

This formed anode constitutes the foundation of the 
electrolytic condenser. The two “ plates ” of the con¬ 
denser are: (i) the anode, (ii) the electrolyte in contact 
with the outer surface of the formed film. The cathode 
in the condenser serves only to provide contact with the 
electrolyte, and from this point of view the actual material 
of the cathode is unimportant, so long as it is an electrical 
conductor. 

(2) HISTORICAL SURVEY 

Earty work on the development of electrolytic con¬ 
densers can be considered under two headings—(a) solid- 
film and (&) polarization-cell condensers. Of these, the 
second is now of historical interest only. 

(a) Electrolytic Condensers with Solid (Oxide) 

Films 

Wheatstone* is usually referred to as the father of the 
electrolytic condenser, but his studies in 1855 on the 
position of aluminium in the Voltaic series do not show 
up any curious phenomena. It was Buffi in 1857 who 
first observed that an aluminium anode in dilute 
sulphuric-acid solution was able to resist the e.m.f. of 
nine Bunsen cells. Twenty years later BeetzJ experi- 



Fig. 1. — “ Forming” characteristic of aluminium cell 

(Giintherschulze). 

A = sparking voltage. B = breakdown voltage. 


to utilize such devices, since he wrote, in 1860, “ Prof. 
Jacobi of Russia has for many years used on the 
line between St. Petersburg and Moscow, plates of 
platinum in sulphuric acid at the ends of the line.” These 
were used to give a discharge current in the opposite 
direction to the battery current, and were therefore 
functioning as condensers. 

Sheldon, Leitch, and Shaw* have shown that the 
capacitance of this type of condenser varies with voltage 
as shown in Fig. 2, Curve B. Curve A shows a similar 
curve for one of Varley’s condensers. 

Commercially, this type of condenser has been little 
used since Varley’s time. One form was patented in 
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Fig. 2.—Dependence of capacitance upon voltage applied to 

polarization cell. 

A. Cromwell Varley 

B. Sheldon, Leitch, and Shaw. 


mented with various forms of aluminium electrodes and 
with the oxide film thereon. 

Oberbeck (1883)§ and Streintz (1887)j| thought that this 
oxide film might form the dielectric of a condenser with 
the anode and electrolyte as the two " plates,” and 
measured the capacitance of such condensers. Other 
early workers of which mention may be made were 
Wilson, T[ Graetz,** Pollack,and Nodon.JJ 


(b) Polarization Condensers 

The other type of electrolytic condenser—now gene¬ 
rally known as a polarization cell—is usually considered 
to date back to investigations made by Cromwell 
Varley.§§ Having need of condensers of very large 
capacitance, he used platinum plates immersed in 
•sulphuric-acid solution. He was not, however, the first 


* See Bibliography, (1). 
t Ibid., (3). § Ibid., (4). 

** Ibid., (7). Ibid., (S). 


|| Ibid., (5). 
ff Ibid., (9). 


t Ibid., (2). 
If Ibid., (6). 
§§ Ibid., (64). 


Germany in 1902,f and there are two types known in 
France^ but not used to any great extent. The low 
breakdown voltage necessitates the use of several cells 
in series for ordinary working voltages, while even at 
voltages well below the breakdown value the cell passes 
a large leakage current of several milliamperes. 

Mention may be made here of a colloid condenser 
described by Nodon.§ The plates are two foils of alu¬ 
minium and magnesium separated by an insulating 
porous material with the interspaces full of a paste made 
of sesquioxide of iron mixed with glycerine. 

(3) THEORIES OF OPERATION OF ELECTROLYTIC 

CONDENSERS 

It is not easy to extricate the early literature on 
aluminium electrolytic condensers from that on alu¬ 
minium rectifiers. It is probable that there is some 
* See Bibliography, (16). t Ibid., (6S). J Ibid., (17). § I&R, (18). 
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connection between rectification and capacitance at the 
rectifying layer, as the so-called “ dry ” or barrier-layer 
rectifiers have shown this capacitance effect. 

(a) Polarization Cells 

The polarization condenser is the true electrolytic 
condenser. With two similar electrodes the condenser 
is symmetrical as to polarity. The maximum breakdown 
potential can be calculated theoretically, and the highest 
possible value is about 3 volts. 

Varley* tried to visualize the electrolytic or gas con¬ 
denser as an electrostatic one, and calculated that with 
a dielectric constant of about 1 the thickness of the layer 
might be as small as 10— 10 cm., which is smaller than 
atomic dimensions. The easiest way is to look at the 
capacitance as the effect of a counter e.m.f. due to 
polarization.. The thickness of the dielectric has no 
more physical significance here than in a synchronous 
condenser. 

Kohlrausch (in 1872)f formulated the equation of an 
electrolytic cell with a polarization coefficient P which 
is identical with 1/C? in circuit equations dealing with a 
condenser. It was seen from this that the effect of 
polarization is to produce electrostatic capacitance in 
the cell. Later theories due to Wien,J Warburg,§ and 
Neumann|| show that the phase angle of P will lie between 
0 and 90°, and its most probable value will be about 45°. 

WarburglJ predicted that the capacitance of this type 
of condenser would vary inversely as the square root of 
the frequency. Merritt** found that this is true at audio 
frequencies, but between 0 • 5 and 4 Mc./sec. the capaci¬ 
tance varies inversely as the frequency. This is pre¬ 
sumably due to the fact that Warburg’s postulate of 
instantaneous ionic equilibrium no longer holds good 
when the rate of change of voltage is made sufficiently 
large. 

Streintzff was probably the first to observe that the 
“ polarization of aluminium ” was different from other 
forms of oxygen-polarization. He was able to get alu¬ 
minium electrodes to polarize at 30 volts while no other 
electrodes showed any effect in excess of 3 volts. He 
postulated that the aluminium polarization was due to a 
condenser with aluminium-suboxide dielectric which had 
metallic aluminium on one side and the electrolyte as the 
plate on the other side. 

ScottJJ published results of capacitance measurements 
on a platinum polarization condenser and an aluminium 
condenser at different voltages. Within a range of 
0 • 2 volt to 1 volt the platinum cell showed a variation of 
10 to 1, while the aluminium cell varied about 25 %. 
These experiments have led to the conclusion that the 
oxide type of condenser (e.g. aluminium and tantalum) is 
not analogous to a true polarization cell. The principal 
points of difference may be summarized as follows:— 

(i) There is a visible oxide layer on the anode of the 
aluminium condenser. 

(ii) The aluminium anode has to be " formed.” A 
symmetrical aluminium cell may be formed to act as a 
condenser with the polarizing voltage in one direction. 
On reversal of the voltage the condenser breaks down and 


has to be re-formed in the opposite direction. A true 
electrolytic cell with symmetrical electrodes exhibits no 
polarity. 

(iii) The capacitance of polarization condensers in¬ 
creases progressively with increase of voltage. At the 
breakdown point, of course, the capacitance may be said 
to be infinitely large. If the polarization voltage is 
reduced, the capacitance drops at once. With an oxide 
condenser, formed at a certain voltage, a drop in voltage 
has little effect on capacitance. Over long periods 
Siegmund* found a slight increase in capacitance. 

(iv) The leakage current of polarization condensers is 
much greater than that of an oxide condenser. This 
factor is only a corroboration, and by itself would not 
constitute a proof. 

Electrolytic polarization has not been entirely dis¬ 
carded by Godsey,f and his reasons will be dealt with 
later. 

(b) Film Theories 

The fact that there is a visible film on the aluminium 
anode was noticed long ago, and extensive speculations 
as to its nature can be traced. 

Beetz found! that of the oxygen evolved during the 
forming process (by Faraday’s law) only about 5 % went 
to form the film. He concluded that the film was either 
a hydroxide or an oxide of aluminium. Norden§ showed 
the film to be Al 2 (OH) 6 . 

In more recent times Sutton and Willstrop|| analysed 
the film by removing the metallic aluminium with 
chlorine. They found that drying at 1 200° C. produced 
no change in weight, and therefore assumed that the film 
was an oxide film, not a hydroxide. 

Burgess, Claasen, and Zernike^f have also analysed the 
film and found it to be A1 2 0 3 , and X-ray analysis confirms 
the presence of yAl 2 0 3 . 

There is no doubt that this solid film is capable of 
acting as a dielectric. Dry condensers have been made 
with aluminium-oxide dielectric. Such condensers, how¬ 
ever, exhibit little or no polarity, though Wilson** found 
greater stability when the oxide-coated plate was the 
anode. 

A theory capable of explaining the mechanism of an 
electrolytic condenser must, however, go further. It 
must also recognize the inherent asymmetry and so 
correlate with the theory of the electrolytic rectifier. 
Oxide-film condensers with electrolytes also exhibit 
larger capacitance per unit area than the dry film itself. 

Nordenff adopted the solid-film theory and assumed 
that rectification was due to solution of the film at 
certain points when the aluminium is the cathode, and 
re-formation of the film in the next half-cycle. Consider¬ 
ing the fact that electrolytic condensers and rectifiers are 
operative at comparatively high frequencies, this theory 
is inconsistent with the appreciable time required to 
“ form ” a new aluminium anode. 

(i) Gas-film theory. 

GutheJJ postulated that the rectifying action was due 
to a gas layer between the anode and the oxide film. 
This theory is now regarded as untenable, one objection 


* See Bibliography, (10). 
§ Ibid.,{ 13). 

»* Ibid., (10). 
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being that a reduction in the polarization voltage wou d 
cause the gas to expand, and so reduce the capacitance. 
In practice, Giintherschulze found a slight increase.* 
Slepianf has also pointed out that conduction can only 
take place by electrons emitted by the aluminium as 
cathode. In a layer of gas with a dielectric constant 
approaching unity it is difficult to see how the work 
function can be lowered sufficiently for electrons to be 
emitted at ordinary temperatures. GodseyJ failed to 
find any variation in capacitance up to a pressure of 
1 500 lb. per sq. in. 

(ii) Permeable-membrane theory. 

In the various versions of this theory, the first assump¬ 
tion is that there are two layers—an inner layer of oxide 
which acts as the dielectric of the condenser, and an 
outside porous membrane which accounts for the 
rectification. 

Taylor and Inglis§ showed that rectification is obtained 
by a layer of alu mini um hydroxide on platinum. Cook|| 
and Charters^ agreed that hydrogen ions penetrate the 



Fig. 3.—Diagrammatic representation of porous film structure 
(Giintherschulze). 


membrane more easily and thereby carry the unidirec¬ 
tional current. 

Giintherschulze, who has probably devoted more time 
to the study of electrolytic rectifiers than any other 
worker, first brought out his theory in 1909, and 
developed it subsequently. His idea of the film structure 
is shown in Fig. 3. 

Taylor** published a similar theory at about the same 
time. His theory of rectification was that when the 
aluminium is the cathode it gives off free electrons, but 
when it is positive the electrolyte has no free electrons 
to give. The inner film is not dependent on the electro¬ 
lyte, and so the capacitance remains the same in diff erent 
electrolytes. With fused salts this film gets thicker and 
the capacitance per unit area diminishes. 

Muller and Konopickyff assume that the gelatinous 
hydroxide layer is negatively charged and therefore 
adheres to the anode. The electrolyte is expelled by 
cataphoresis when this electrode is made the anode, and 
the reverse action takes place on reversal of the voltage. 

Dobias, Kramp, andLebedinskayaf | put forward another 
theory of rectification wherein electro-osmotic displace¬ 
ments of the electrolyte occur in the pores of the insu¬ 
lating solid film. In the forward direction there is direct 


* ^ B iH\ ography > (32 )> f 33 )- 
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contact between the electrolyte and the metal, while in 
the reverse direction the system behaves as a condenser 
of variable capacitance. This theory is interesting in 
that it takes into account the influence of the viscosity 
of the electrolyte on the action of the rectifier and 
condenser. 


(iii) Solid-film theories. 

Taylor* in 1909 first tried to account for the behaviour 
of the aluminium electrolytic cell in terms of the oxide 
layer only. He observed no deterioration in the cell with 
time, and suggested that the oxide skin would account 
for the capacitance effect, and that the valve effect arises 
when electrons are emitted by the oxide acting as cathode. 

Slepianf considered all the available data and theories 
and put forward a comprehensive solid-film theory. His 
chief objections to the semi-permeable membrane and 
gas-film theories are the following: First, a gas film with 
a low dielectric constant and lack of structure cannot 
lower the work function sufficiently for electrons to 
escape from the metal at ordinary temperatures. 
Secondly, an aluminium-hydroxide film lacks free elec¬ 
trons, while electrolytic ions could easily escape from 
an aqueous solution. Thirdly, the rectifying property 
persists if electronic conductivity is added to the solution. 
Thus when a mixture of lampblack and sulphuric acid is 
used, the electrolytic rectifier still functions without the 
evolution of any gas. 

Slepian’s theory is that the aluminium anode is covered 
with a solid film of high dielectric constant. This has the 
effect of lowering the work function. Thus if ic = 13, 
the work function may be lowered to about one-tenth of 
the normal value, and so the aluminium anode will have 
appreciable emission even at ordinary temperatures. 
The ordinary (leakage) current is kept low by space- 
charge effects, but at breakdown electrons formed in the 
film pass large currents. 

In more recent papers, Guntherschulzef himself has 
discarded his older theories and attributes both the 
capacitance and the rectification to the solid oxide layer 
in tantalum, aluminium, and certain other metals. The 
dielectric constant of precipitated A1 2 0 3 is found to be 
12 • 6, but after sintering this falls to 7 * 7 and the density 
rises to maximum. This is considered to correspond to 
the anodic layer. 


(iv) Adsorbed-liquid theory. 

The present authors are of the opinion that a theory 
of operation based on the solid film alone is inadequate, 
for the reasons already stated. Godsey§ has more 
recently put forward a theory that the normal film in an 
electrolytic condenser (aluminium or similar metal) is of a 
greater total thickness than the effective film. The 
effective film maintains itself in repair by new growth 
wherever leakage currents flow. Water or other solvents 
from the electrolyte saturate the film and so increase the 
effective capacitance (water having a dielectric constant 
of about 80). A high dielectric constant keeps the film 
sufficiently thick to reduce materially the voltage 
gradients. 

A rigid examination of the various theories is of interest 


* See Bibliography, (38). 
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only to the physical chemist. For the purposes of the 
present paper, Godsey’s theory when read with those pre¬ 
viously put forward appears to give a good physical idea 
of the process which goes on. 

Godsey attaches great importance to polarization 
capacitance, which he thinks occurs in the outer layers of 
the film saturated with the electrolyte. The authors have 
found that the polarization effect, i.e. change of capaci¬ 
tance with the value of impressed alternating current, is 
small and can be accounted for if it is assumed that the 
dielectric has a hysteresis curve of the shape shown in 
Fig. 4. 

A Q/E curve of this shape will give an increase in 
effective capacitance as the amplitude of the alternating 
e.m.f. is increased. 

(c) Molecular Structure of the Film 

Lilienfeld and others* have studied the anodic layer 
and are of the opinion that the dielectric layer consists of 
a larger number of polar molecules. In a well-formed 
condenser these molecules are properly oriented and the 
leakage is low. On idling, the layer is disorganized, and 



Fig. 4.—Hysteresis loops for dielectric film 

the excessive leakage current on applying a voltage occurs 
while the reorganizing is taking place. There is therefore 
only a very small change in capacitance owing to idling, 
and the law of chemical equivalents cannot be applied to 
the current used in the process of re-forming. 

(4) DEVELOPMENT AND MANUFACTURE OF THE 
ALUMINIUM ELECTROLYTIC CONDENSER 

(a) Present-day Types'of Electrolytic Condensers 

The developments of electrolytic condensers that have 
taken place during the last few years, while necessarily 
based upon then existing knowledge, have been on quite 
a different scale from the earlier ones. The main impetus 
was provided by the needs of radio-receiver manufacturers 
for.condensers to smooth the rectified currents used in 
mains-driven receivers. Such needs were for condensers 
of several microfarads’ capacitance having as small a size 
as practicable, which could be used on circuits of 400 to 
500 volts maximum voltage, and which could be produced 
more cheaply than the equivalent paper-dielectric con¬ 
densers. These developments, while they have taken 
place in many laboratories in different countries,! have 

* See Bibliography, (47), (48). 
t See, for example. Bibliography, (Gl) to (61). 


followed only three main lines, and two of these differ 
but little from each other. These three types are 
generally known as the (i) wet or aqueous, (ii) semi-dry, 
(iii) dry or hard-dry. 

As is evident from this nomenclature, the distinction 
is by no means a hard-and-fast one, but one form merges 
into another, depending mainly upon small differences in 
the chemical constitution of the electrolytes. In the 
laboratory the line of development has been in the above 
order, and the initial commercial uses have necessarily 
followed the same lines; but later commercial usage has 
in some cases—notably in the United. States—j um ped 
largely from one type to another and back again, governed 
mainly by " fashion ” or by commercial interests not 
directly related to the technical merits of any particular 
condenser. 

The above designations obviously relate to the electro¬ 
lytes used in the condensers; but the transition from (i) to 
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Fig. 5.—Some forms of anode used in wet-type electrolytic 

condensers. 

1. Spiral. 2. Perforated spiral. 8. Grooved rod. 4. Star-shaped folded 
strip. 5. Extruded rod with corrugated fins. 

(ii) and (iii) is accompanied by a constructional change 
also. All the condensers have necessarily an anode carry¬ 
ing the dielectric film and determining the capacitance of 
the condenser by its effective area—whether natural or 
artificially augmented by mechanical or chemical rough¬ 
ening—and a cathode which may be the container itself 
when it is metallic, or be a metal sheet or foil, generally 
of commercial-grade aluminium. When the electrolyte is 
a thin liquid as in the " wet ” types, the anode generally 
has a rigid construction, either in the form of a fluted or 
grooved rod, or in the form of a spiral, corrugated, or 
pleated strip of stiff foil of sufficient thickness to be self- 
supporting from a central anode post (Fig. 5). A 
separator layer of perforated rubber or celluloid is fre¬ 
quently used between the anode and cathode in such 
condensers in order to avoid any risk of contact between 
the two electrodes. 

With the drier types of condensers, comprising the two 
groups (ii) and (iii) above, the separator customarily 
provides the mechanical supporting means for the two 
electrodes, which then take the form of thin aluminium 
foils of 0-002 in. to 0-005 in. thickness laid up with the 
separator layer and wound up together into a roll. With 
these condensers the separator consists of one or two 
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layers of cotton gauze or of absorbent paper, which are 
impregnated with the electrolyte.* By winding the two 
electrodes together in this way the resistance of the 
current path through the electrolyte between them is 
reduced, resulting in a condenser with a lower power 
factorj (Fig. 6). 

The modes of formation of the dielectric film on the 
aluminium anode naturally differ as between one manu¬ 
facturer and another, but in all cases some pre-forming 
of the dielectric is carried out before assembly of the 
condenser, followed by a final forming and/or ageing 
process on the complete condenser, and often also on the 
individual sections of which it is built up in the case of a 
condenser " block.” When etching or other processing 
is employed to increase the capacitance for a given bulk 
of condenser, this process must precede the pre-forming 
[see Section (5)(«)j. 



Fig. 6.—Sectional sketch of rolled dry-type electrolytic 

condenser. 

A, Negative tab. B. Section wrapper. C. Unformed cathode. D. Positive 
tab. E. Separator. F. Formed anode. 


(b) Pre-forming of Aluminium Anodes 

This process may be carried out in one of two main 
ways: (i) by the discontinuous process, wherein each 
anode, or group of anodes, of final finished shape is sub¬ 
jected to an individual pre-forming treatment in an 
electrolyte bath;! an d (ii) by the continuous process 
wherein a continuous strip of aluminium foil is subjected 
to pre-forming treatment in one or more stages.§ 

Method (i) is almost always adopted for wet-type 
electrolytic-condenser anodes, which, as shown in Fig. 5, 
customarily consist of spiralled or folded strips of 
aluminium, |[ or of specially extruded shaped rods of 
aluminium,!! which for forming purposes are assembled 
in a rack whereby they can be hung into the bath and 
forming current applied until the desired voltage is 
reached across the film. Control of the for min g action is 
effected either by connecting a resistance in series with 
the supply circuit, or by controlling the supply voltage, 


* See Bibliography, (73). 
§ Ibid., (70), (87), (88). 


t Ibid., (74). 

t Ibid., (81), (82), (94), (95). 


Ibid., (65), (77). 
If Ibid., (86). 


as by field control of a motor-generator, whereby the 
applied potential is raised gradually to the full value. 

Sometimes also a similar process is employed for pre¬ 
forming strips of aluminium foil, which have been 
previously cut to- the desired length for winding up 
into dry electrolytic-condenser sections. More usually, 
however, a continuous pre-forming process is found to 
be a more economical one for these condensers. 

In Method (ii), the continuous pre-forming process, one 
or more strips of aluminium foil are passed over rollers 
through electrolytic baths; the appropriate connections 
are made to pass forming current through the baths, the 
aluminium being the positive electrode so that a dielectric 
film is built up on it.* This forming process is sometimes 
carried out in a single stage, but more usually it is sub¬ 
divided into two or more sections so that the film is built 
up more gradually. This arrangement gives a more 
stable type of film.! 

The electrolytes used for the pre-forming process, 
whether a discontinuous or a continuous one, customarily 
are solutions of sodium or ammonium borate ;J although 
sometimes, particularly with multi-stage forming, an 
addition of a proportion of a polyhydric alcohol—usually 
glycerine—is also made.§ With multi-stage formation 
an alternative arrangement includes the use of a low- 
voltage formation in an acid solution of considerable 
conductivity (such as chromic or sulphuric acid) for the 
first stage, to put down a porous base film which has good 
adhesion to the metal foil,|| into or on to which the hard 
high-voltage film is subsequently built up. 


(c) Assembly and Impregnation 

In the case of wet-type condensers the subsequent 
manufacturing process is mainly one of mechanical 
assembly of the anode posts into the outer container, the 
filling of the latter with electrolyte, and its closure and 
final ageing and testing. With dry-type condensers 
there follows, after the pre-forming of the dielectric film, 
the manufacture of the section from the cut lengths of 
formed positive and unformed negative foil which are 
wound up with interleaving separators of cotton gauze, 
absorbent paper, or some equivalent material.!! This 
separator is impregnated with, and acts as, a carrier for 
the working electrolyte of the condenser.** 

The semi-dry condensers have electrolytes consisting 
of alkali glycero- or glyco-borates in solution in 
glycerine, ethylene glycol, or other polyhydric alcohol, 
together with a small quantity of water. The dry con¬ 
densers have such an electrolyte thickened into a stiff 
paste, by the addition either of boric acid or of similar 
weak film-forming material to such an extent that a mass 
of fine crystals permeates the electrolyte when it is 
cooled down to atmospheric temperature after manu¬ 
facture;!! or by the addition of some colloid such as gum, 
which assists the formation of a gel with the solution.!! 
The impregnation of the separator with electrolyte is 
sometimes carried out before or during the winding 
operation of rolling the foils and separator together on a 
winding machine; and is sometimes a distinct impregna- 


* See-Bibliography, (70). f Ibid., (75), (80). % Ibid., (77), (89). 

J (78)- || Ibid., (87), (88). If Ibid., (72), (73), (92), (03), (98). 

** Iota,, (66), (69). 

tt Ibid.,( 73), (79), (83), (84). # Ibid., (67), (74), (76), (96). 




COURSEY AND RAY j ELECTROLYTIC CONDENSERS 


113 


tion process applied to the rolled section. In either case 
its object is to obtain, as complete a filling as possible 
of the pores of the separator with the electrolyte.* 

Subsequent treatment of the impregnated section 
depends upon the exact constitution of electrolyte that 
is used, and naturally, therefore, differs as between one 
manufacturer and another; as also do details of attach¬ 
ment of connecting wires to the lugs or tails of foil left 
projecting from each foil for terminal purposes, and the 
sealing of the sections into some form of outer container. 
This latter may be of metal or waxed cardboard or any 
other convenient material, in which the sealing of the 
condenser sections is provided by wrapping them in 
waxed or oiled paper and filling the container with wax 
or bitumen. 

The drier types of electrolyte are particularly suited to 


to assure absolute separation of the electrolytes in the 
various sections. 

(d) Ageing and Testing 

When completed, the condensers—whether wet or 
dry—need an ageing process to repair any slight damage 
to the film that may have occurred in the course of 
handling the foil during manufacture. To this end they 
are usually assembled in banks or racks wherein they are 
joined across busbars to which an appropriate d.c. 
voltage is connected, and are maintained polarized in 
this manner for several hours, or until the leakage current 
passing through them falls to some predetermined value. 
Measurement of capacitance then follows before the com¬ 
pletion of the article. 

The capacitance measurement that is applied in the 



POWCR. FACTOR, PER CENT 

Fig. 7.—Effect of power factor of condenser upon its apparent capacitance as measured by the impedance method. 


the construction of condensers in cardboard and similar 
light mechanical enclosures, which are cheaper than the 
more robust aluminium or other metallic containers which 
are essential for the wet type and almost so for the semi¬ 
dry type of condenser as well.f 

From the point of view of performance of the condenser 
it is necessary to seal the sections as perfectly as possible 
against ingress of moisture, just as in the case of any other 
condenser with more conventional dielectrics. The best 
condenser forms therefore comprise a metal outer con¬ 
tainer. One or more sections may be mounted into a 
common container, and no difficulties arise from con¬ 
necting the negative foils together. Other connection 
groupings of the sections which may involve joining 
positive foils together, or positive and negative together 
in series connection, need special precautions to be taken 

* See Bibliography, (74). t Ibid., (56), (59), (61). 
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factory to these condensers when made on a mass-produc¬ 
tion scale needs to be the simplest possible. The im¬ 
pedance test most easily fulfils this requirement.* It 
consists in applying to the condenser a known fixed a.c. 
voltage (for example, about 20 .volts) of known frequency 
(such, for example, as the 50-cycle controlled-frequency 
supply mains) and measuring the a.c. milliamperes that 
flow through the condenser. For a limited range the 
milliammeter can be calibrated in microfarads of con¬ 
denser capacitance. When making this test it' is neces¬ 
sary to apply to the condenser a d.c. polarizing voltage of 
some convenient value below its maximum peak rating, 
such that the sum of this voltage and the peak value of 
the applied a.c. testing voltage is below the rated maxi¬ 
mum voltage of the condenser.f The circuit of the 

* See Bibliography, (49). 

f In the Appendix the authors suggest a standard specification that can use¬ 
fully he followed when making these tests. 
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arrangement comprises an a.c. ammeter and voltmeter of 
appropriate ranges only. 

This impedance method of measuring capacitance is 
particularly useful for dry-type condensers wherein the 
power factor does not exceed 10 %, since the results of 
such measurements will agree with the true capacitance 
to within 0-5 % (Fig. 7). 

As an alternative to the impedance test, an a.c. bridge 
method must be used. This enables the capacitance and 
loss-factors to be separated and these quantities to be 
determined individually. Such tests generally belong 
more to the laboratory than to the factory production 
department, owing to the greater time taken to make 
the measurements. Several forms of commercial testers 
for electrolytic condensers have, however, been marketed 
recently by instrument manufacturers. Some of these 
involve use of the bridge method. A convenient circuit 
arrangement is depicted in Fig. 8 which differs from a 
conventional a.c. bridge method only in the addition of 
the d.c. polarizing voltage for the test condenser, and of 



Fig. 8.—Bridge circuit for electrolytic-condenser measure¬ 
ment. 

means for isolating the flow of current from this d.c. source 
through the remainder of the bridge circuits.* 

Throughout the manufacture of electrolytic condensers 
the greatest care is necessary to prevent contamination 
of any part of the condenser, and especially of the electro¬ 
lyte. Many impurities are very harmful to the per¬ 
formance of the condensers J in particular, any materials 
which will liberate chlorine ions into the electrolyte"j* 
should be scrupulously avoided. 

(5) CONDENSER CHARACTERISTICS 

_ The properties of electrolytic condensers can be con¬ 
sidered under four main headings, namely ( a ) capacitance, 
(6) leakage, (c) electrical losses, ( d) service life. 

It will be convenient to consider each of these in turn, 
and the manner in which it is dependent upon various 
other factors concerned in the construction of the con¬ 
denser and in its mode of use. In various practical 
applications of the condensers not all these properties 
are of equal importance. As in the case of electrical 
condensers employing the more conventional dielectrics, 
it results therefrom that different condenser constructions 
are employed for different commercial applications. In 
such special constructions, one or other of these properties 
can be emphasized or greater dependence placed upon it, 

See Bibliography, (50). t Ibid., ( 19 ), (20). ’ 


in order to fit the condenser as far as possible for its 
particular use. 

The general scope of the various tests that are com¬ 
monly made on these condensers by users of them differs 
at present very much as between one user and another, 
since no standardized scheme has yet been put forward. 
In the Appendix the authors set out a suggested speci¬ 
fication for such tests, which is put forward as providing 
an adequate cover for all ordinary requirements of these 
condensers. The use of such a standardized testing 
procedure will be helpful to the manufacturers and also 
to all users of these condensers. 


(a) Capacitance 


Various methods of synthesizing or producing the 
dielectric film on the aluminium are employed, but its 
dielectric constant is not found to be altered thereby to 
any very great extent. The physical dimensions of the 
dielectric are therefore important factors which determine 
the condenser capacitance. 

The area of the dielectric is fundamentally controlled 
by the surface area of the electrode, and by virtue of the 
intimate or atomic attachment between them any dis¬ 
tortion of that surface (before formation) brings about— 
or at least should do so—a corresponding distortion of 
the dielectric. Appropriate distortions of the electrode 
surface can therefore increase its surface area, or rather 
its effective electrical surface area, without increasing its 
overall dimensions.* 

For the type of condenser generally used in radio 
receivers, only one such electrode needs to be so treated. 
For the non-polarized type [see Sections (6 )(b) and (6)(c)] 
both electrodes must be treated and must normally have 
similar effective areas. 

While a maximum increase of about 10 times is 
possible, it is seldom that this full amount is used, and the 
higher-voltage condensers constructed in this way are 
more often given an increase of 3—6 times the normal. 

Many different methods have been used to increase the 
surface area of the electrode. They are divisible into 
three categories—mechanical, chemical, and electro¬ 
chemical. In the group of mechanical methods are 
included such treatments as sand-blasting, embossing of 
the surface by means of indented steel rollers,! or actual 
perforation by means of very minute holes.J In the 
chemical methods an etching treatment is sometimes 
adopted, using either strong alkaline or acid baths (or 
sometimes both in turn), either of which has the effect of 
roughening the surface. For the deepest form of etching, 
which gives the greatest capacitance increase, an acid 
treatment is usually most effective, and with electrodes of 
small thickness (that is to say, foil electrodes up to about 
0 • 006 in. thick) actual perforation of the sheet may also 
take place as a result of this treatment^ In the electro¬ 
chemical treatments, solutions somewhat similar to those 
used in the chemical methods are often adopted, but 
the process is accelerated by means of electrolysis, the 
electrodes to be treated being made one pole in the 
electrolytic cell while an inert electrode is used for the 
other, jj A deeper etching of the surface under more con¬ 
trollable conditions is often achieved by these treatments, 


! ®®? J Bi “i?S ra P h y. (65), (89). 
t lb :W7). ibid., (97), (99). 


t Ibid., (90), (91). 
|| Ibid., (100). 
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which also have the advantage that less chemically active 
electrolytic solutions can be employed. In fact, it is even 
possible to adopt this method with a relatively inert 
solution which will not normally attack the aluminium 
electrode and yet obtain a very deep etching treatment 
by the electrolytic etch. For example, a solution of 
common salt, used alone or sometimes with the addition 
of a little hydrochloric acid, is relatively harmless to the 
metal without the added electrolytic action. Even with 
such solutions, an area and capacitance increase as great 
as the largest mentioned above is achievable under quite 
stable manufacturing conditions. 

The other main factor controlling the capacitance of the 
condenser is the thickness of the dielectric film. This is 
normally a direct function of the voltage under which the 
film is produced on the electrode by the pre-forming 
process. The physical thickness of the film is not, how¬ 
ever, the controlling factor as regards its electrical 
capacitance, since quite frequently very thick films can 
be built up on to aluminium (as, for example, in some 
of the anodic treatments* used for the purposes of pro¬ 
tecting aluminium articles against weathering) which 
behave electrically as only very thin films. Since, how¬ 
ever, such anodic protection films are usually formed at 
low voltages, it is evident that the voltage applied during 
the forming treatment is the real controlling factor rather 
than the overall physical thickness. 

It seems from this effect that all parts of the film are 
not equally effective in producing a dielectric barrier on 
the electrode. In some forming treatments it seems that 
the resistive layer is at the base of the physical layer and 
occupies only a very small fraction of its thickness. The 
most stable films, which are required for condensers for 
use in high-voltage circuits, are generally the most 
coherent and solid and have much smaller overall physical 
thickness than many of the lower-voltage films. The 
electrolyte used in forming the dielectric film, as well as 
its temperature and the time occupied by the treatment, 
exerts also some influence on its effective thickness and 
capacitance. 

(b) Leakage 

This term relates to the current which flows thr ough 
the condenser under its applied d.c. polarizing voltage. 
It is, however, not nearly such a constant or definite 
quantity as the capacitance, and it is dependent upon a 
larger number of factors included in the conditions of 
measurement. In addition, it is a function of the type 
of film pre-formation that has been employed in the manu¬ 
facture of the condenser and of the electrolyte used in the 
condenser. In fact, a study of the leakage current as a 
function of the various factors that affect it gives a 
valuable insight into the constitution and general service 
performance of the condenser. This aspect is dealt with 
in Sub-section (e) below. 

(c) Electrical Losses 

The losses—or power factor'—arise from the flow of 
the capacitance-current through the series resistance of 
the electrolyte, from true dielectric losses in the film 
itself, and also in part from the d.c. leakage. The last 

* See Bibliography, (71), (7D). 


component is generally a small one only. Usually it is 
not necessary to envisage any separation of the first two 
parts, but merely to group them all together under the 
term power factor.” A method of measuring this 
quantity is discussed in Section (4 )(d). Like the leakage, 
however, the losses are functions of temperature, voltage, 
and other conditions of measurement, as well as of the 
construction of the condenser; so that it is useful to 
consider the manner of this variation at the same time 
as that of the leakage current. 

(d) Service Life 

The useful effective or service life of a condenser 
depends solely upon the maintenance of a reasonable 
proportion of its initial properties—chiefly capacitance 
and leakage. Generally, the tendency is for the capaci¬ 
tance to fall and for the leakage and losses to rise after the 
lapse of considerable time in use. The end of the useful 
life is determined by the capacitance becoming tod small 
to give effective operation, or by the d.c. leakage be¬ 
coming excessive, or by the power factor becoming so 
great that overheating occurs due to the ripple current 
flowing through the condenser, or by its filtering action 
becoming spoiled if the condenser is used in a by-pass or 
smoothing circuit. The service life of a condenser is 
therefore controlled in the same way and by the same 
factors as affect these three fundamental condenser pro¬ 
perties, which are considered more fully in Sub-section (e ). 

There is, however, another aspect of condenser " life ” 
which deserves mention—its " shelf life.” Usually some 
deterioration takes place in an electrolytic condenser 
when it is standing, even if it is not in use at all. This 
may be regarded as somewhat analogous to the deteriora¬ 
tion which takes place in a dry battery on the shelf, since 
this also is an electrolytic device. The aim of modern 
manufacturing methods is tq prolong the shelf life as 
much as possible, by increasing the stability of the 
dielectric film so that all changes in its properties tend to 
become minimized (see Fig. 14). 

(e) Dependence of Condenser Properties upon Con¬ 
ditions of Measurement and Use 

The properties of electrolytic condensers are none of 
them invariable quantities, independent of the conditions 
of use and of the conditions of measurement of those 
quantities. The capacitance, the d.c. leakage, the a.c. 
losses, and the useful life, are all functions of the following 
four factors: (i) Magnitude of applied d.c. voltage, 
(ii) Time of application of voltage, (iii) Working tem¬ 
perature. (iv) Magnitude and frequency of a.c. voltage. 

The form of these variations can best be expressed by 
means of curves illustrating typical measurements. 

(i) General: Condenser “characteristics.” 

The variation of capacitance with the magnitude or 
with the period of application of the applied d.c. voltage 
is usually not serious with the aluminium electrolytic 
condenser (Fig. 9).* The variation of capacitance with 
temperature for most forms of such condenser is also not 
large over the normal working range of temperatures, but 
at temperatures below freezing point the changes become 

* These curves also show that the effective capacitance is in addition a function 
of the a.c. voltage applied to the condenser. 
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much greater, and some forms of electrolyte and con¬ 
denser construction show much larger changes than do 
others at low temperatures. Generally-, electroiytes con¬ 
taining ethylene glycol as the base, and particular y 
containing this material in considerable quantities, show 
the best maintenance of capacitance at the lower tem¬ 
peratures. The change of capacitance with time of 
application of the voltage to the condenser becomes, in 
fact, the service life of the condenser, the termination of 
such useful life being most generally determined by the 




Fig. 9. —Dependence of apparent capacitance of electrolytic 
condensers upon the magnitudes of the d.c. polarizing 
voltage and of the superimposed a.c. ripple voltage. 

A. Wet-type condenser. 

B. Dry-type condenser. 

Both sets of curves relate to 8-/tF 500-volt condensers. Numbers marked 
against curves indicate a.c. ripple voltages. 

loss of capacitance becoming greater than is permissible 
for the circuit in which the condenser is being used. 

The variation of the d.c. leakage with the first three 
determining conditions provides the three most useful 
characteristics of electrolytic condensers: the first one, 
namely the variation with applied d.c. voltage, is 
usually known as the voltage characteristic (Fig. 10); the 
second, namely the variation with time, being known as 
the re-forming characteristic (Fig. 11); and the third, the 
variation with temperature,., being the thermal charac¬ 
teristic (Fig. 12). These three are fundamental charac¬ 
teristics of all electrolytic condensers. 

The changes of electrical losses (that is, a.c. losses) with 
the same three factors are generally more analogous to 


the changes of capacitance with these factors than they 
are to the changes of d.c. leakage (Fig. 13). 

(ii) Voltage characteristic. 

The voltage characteristic is controlled mostly by the 
voltage at which the dielectric coating has been formed on 
the anode of the condenser, and the point at which the 
leakage current begins to rise rapidly with increasing d.c. 
applied voltage bears usually a direct relationship to that 
forming voltage (Fig. 10). Certain applications of elec¬ 
trolytic condensers which are often referred to as " regu¬ 
lating condensers ” require a construction in which the 
rise of leakage with voltage follows a very steep curve 
[see Section (6) (d)]. 

The presence of this bend in the characteristic may 
gener all y be taken as indicative of the maximum working 
voltage which it is safe to apply to the condenser for 
anything more than the shortest of periods. This is the 
case both because the excessive voltage might puncture 
the dielectric, and also because the large leakage current 
thereby produced would cause overheating of the con¬ 
denser if its application were prolonged. 

The shape of this voltage characteristic forms, there¬ 
fore, some guide as to the construction of the condenser, 
the manner in which it will behave under given operating 
conditions, and the type of use to which it should be put. 
It is a very useful guide both to the manufacturer of the 
condensers and to the users when making inspection tests. 

(Hi) Re-forming characteristic: film stability. 

The variation of leakage current with time of applica¬ 
tion of applied voltage, which is usually known as the 
re-forming characteristic (Fig. 11), constitutes one of the 
most important characteristics of an electrolytic con¬ 
denser. It is a direct measure of the stability of the 
dielectric film, since any deterioration of the film in the 
working electrolyte of the condenser which may take 
place when the condenser is not in use—or is " idling ”— 
will need to be repaired by the re-forming action when 
voltage is again applied to the condenser. Any excessive 
repair will imply passage of an excessively large leakage 
current during the repairing period. With a stable film 
the current drawn by the condenser, when voltage is first 
applied to it, will decrease very rapidly to the ultimate 
limiting leakage current. The most stable and the most 
useful condenser is generally, therefore, one in which the 
leakage current is not only normally low but is restored 
to this low value very rapidly even after a prolonged 
idling period. There may be exceptions to this general 
rule in the case of certain applications of condensers, but 
such need always to be treated as special cases. 

Fig. 14 shows, re-forming characteristics taken on 
500-V dry condensers after various periods of idling up to 
12 months. The uniformity of these emphasizes film 
stability. Fig. 15 gives corresponding curves for 25-vol;t 
dry condensers, and with these a somewhat lower degree 
of stability is to be noted, particularly after 12 months of 
idling. The fact that when these tests are repeated at 
75 % of the rated voltage of the condenser no such, 
apparent deterioration is observed, shows that there has 
been some disintegration of the film in the electrolyte. 
This phenomenon is observed to a much greater extent in 
wet electrolytic condensers, so much so that the plotting 
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Fig, jo._-Voltage characteristics of electrolytic condensers. 

.(«) High-voltage (500 volt) condensers. Curves A and B, wet types; Curve C, semi-dry type; Curve D, dry type. 
\b) Low-voltage condensers. 
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TIME, MINUTES 

Fig. 11. —Re-forming characteristic of dry-type condenser (8 /uF, 500 V). Test taken after 100 hours at rated 

voltage, followed by 100 hours’ idling. 


of re-forming characteristics on the lines of Figs. 14 and 
15 is often impracticable. 

The film stability as judged in this way forms quite a 
good measure of the ability of the condenser to give a long 
shelf life. This is quite apart from the operating life of 
the condenser, which, in addition to the factors indicated 
above, is controlled also by the amount of electrolyte in 



Fig. 12. —Thermal characteristics of wet and dry types of 

condensers. 

the condenser. Thus constructions having a considerable 
bulk of separator between the electrodes to contain the 
electrolyte can generally give a longer service life before 
the electrolyte is exhausted. 

(iv) Thermal characteristic. 

The utility of the thermal characteristics for judging 
the qualities of a given condenser is mainly limited to 
those applications in which the condenser may be sub- 




Fig. 13. Dependence of power factor upon the polarizing 
voltage and superimposed a.c. ripple voltage. 

A. Wet-type condensers. 

B. Dry-type condensers. 

These two sets of curves correspond with A and B in Fig. 9. 
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jected to extremes of temperature. For normal uses the 
thermal characteristic is not of very great importance 
unless the rate of rise of the leakage curve with tempera- 


normal types of modern electrolytic condensers such an 
occurrence is, however, extremely unlikely (Fig. 12). The 
thermal characteristic of the condenser as regards its a.c. 



Fig. 14. —Re-forming characteristics of high-voltage dry-type condenser (500 V) after various periods of shelf idling. 

- After 3 months’ idling. 

-After 6 months’ idling. 

-After 9 months’ idling. 

. After 12 months’ idling. 


ture is very sharp. Should this be the case, the condition 
may arise when an increase in temperature of the con¬ 
denser clue to its being mounted in some apparatus which 
has become warm in service, may give rise to so much 


losses may be a much more serious one from this point 
of view, since, if the condenser is called upon to pass any 
considerable amount of ripple current when it is used as a 
reservoir or smoothing condenser in an a.c. rectifier 



time, minutes 

Fig. 15._Re-forming characteristics of low-voltage dry-type condenser (25 V) after various periods of shelf idling. 

--After 3 months’ idling. 

---After 6 months’idling. 

_After 9 months’idling. 

. After 12 months’ idling. 

increase in the leakage current that still further heating system, the loss resulting therefrom (which is translated 

may take place in the condenser owing to this rise. Such into heat) is generally very much greater than the energy 

a condition may lead to a progressive rise in temperature loss in the condenser due to the d c. leakage. When this 

until breakdown of the condenser occurs. With all is the case, if the power factor of the condenser increases 











120 


C OURS EY AND RAY: ELECTROLYTIC CONDENSERS 


very much. with, rise of temperature, the losses in the con¬ 
denser due to the ripple current may increase the tem¬ 
perature so rapidly that an unstable and dangerous 
condition is very quickly reached. It is therefore of 
advantage if the power-factor characteristic falls with 
increasing temperature, and with many of the modern 
dry electrolytes this feature is attained at least up to a 
temperature of 50°—60° C. Above this point the charac¬ 
teristic may bend round and rise with increasing tem¬ 
perature, so that the safe working limit of temperature 
for such condensers will not usually much exceed this 
point of minimum power-factor value, except in such 
cases as when the condenser is passing so little ripple 
current in normal use that the heating produced thereby 
is negligible (Fig. 16). 

(v) Time characteristic: life. 

The quality of an electrolytic condenser for any given 
application cannot be judged solely from any given simple 
measurements, such as of capacitance or leakage current. 
To obtain a complete picture of the probable behaviour of 
a condenser, it is usually necessary to determine all the 
characteristics which have been detailed above. Generally 



speaking, condensers which have etched or similar treated 
anodes will be broadly similar in performance and charac¬ 
teristics to those made without such treatment, but the 
reduced bulk generally implies also a reduced capacity 
for dissipating the heat due to the passage of ripple 
currents, so that the application of such condensers in 
circuits passing such currents needs to be watched with 
more caution than the application of condensers of the 
normal type. Even in situations where the ripple current 
is negligible, it has to be remembered that a reduced 
bulk means a smaller quantity of electrolyte and therefore 
some risk of a shorter effective life. 

In Fig. 17 are plotted the capacitance readings taken on 
a wet type and two different types of dry electrolytic 
condensers at various times up to nearly 12 000 hours of 
continuous life at 50° C., which represents the highest 
temperature which should normally be reached inside a 
radio receiver. These readings have been plotted as a 
percentage of the nominal rated capacitance of the con¬ 
denser, since in judging its effective life the user is 
generally concerned primarily with the capacitance not 
falling below, say, 90 % of the rated value he has chosen. 
These curves are typical as showing the larger changes 
of capacitance often observed with dry-type condensers, 
although in the case of a wet condenser should any sub¬ 
stantial wastage of electrolyte occur (as by repeated 
sparking or by actual leakage) a sudden and large fall of 
capacitance may be observed. 

It is very difficult to generalize on the question of the 
probable life of an electrolytic condenser. With suitable 
use it should amount to at least 2 years, and is often very 
much longer. There are very many fortuitous circum¬ 
stances and possible faults which may lead to a reduction 
. of life. It is, however, certain that the useful life will be 
over once the electrolyte has been used up. Generally 
speaking, therefore, the probable life is indicated by the 
leakage of the condenser. Thus, a high leakage current 
due either to a high temperature or to operation too near 
the breakdown voltage will give a shorter life than 
normal operation. 
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The action in the electrolyte for a “ dry ” electrolytic 
condenser is somewhat obscure, and not much is known 
about the deterioration of the electrolyte due to the 
passage of the leakage current. Claims have been made 
that the conduction in a “ bone dry ” electrolytic con¬ 
denser is electronic. If this were true there would be no 
obvious way of accounting for the falling-off in capaci¬ 
tance of such a condenser. It is probably more justifiable 
to assume that in the " dry " types there is an appreciable 
amount of reverse action or recombination, and therefore 
the electrolyte is not used up as fast as Faraday’s laws 
would lead us to expect. 

Applying Faraday’s laws of electrolysis to the aqueous 
constituents of the electrolyte, and assuming normal 
electrolytic conduction, a life of some 10 years of con¬ 
tinuous use may be expected. This would be true if the 


the electrolyte, the capacitance can be restored by merely 
washing out the deposit from the surface of the positive 
plate. 

The second cause of deterioration is cathodic oxidation 
in condensers carrying a.c. ripple. Zimmerman* showed 
that the effect of alternating current superposed on 
direct current is to cause a back-and-forth movement of 
the electric charges. When the positive charge moves to 
the cathode, i.e. when the a.c. depresses the d.c. voltage, 
a positive film tends to form on the cathode. Siegmundf 
and Godseyj have referred to this phenomenon. The 
former makes two suggestions for minimizing the forma¬ 
tion of this oxide coating on the cathode, namely (a) Use 
of impure aluminium for the cathode (less than 99 % Al). 
(b) Restricting the alternating current to 1 mA per cm? of 
plate area, even with the impure aluminium cathode. 



Fig. 


17.—Time characteristics, or 


“ ijf e ” curves, of dry and wet types at 50° C. and 500 volts d.c. 



Dry type, 18 fi. F, 500 V. 
Dry type, 18 ,u.F, 500 V. 
Wet type, 16 ju,F, 500 V. 


electrolyte were the only controlling factor. Even with 
this reservation it must be pointed out that where, an 
aqueous electrolyte is used under conditions of sparking, 
such as when a wet condenser is used as a voltage limiter 
in apparatus using rectified alternating current, the 
volume of gas evolved may be as much as 10 times greater 
than that given by Faraday’s law.* In such circum¬ 
stances a comparatively rapid loss of electrolyte some¬ 
times occurs, with consequent equally rapid failure of the 
C OH ci CHS Of* 

Apart from the deterioration of the electrolyte, there 
are two other factors that may contribute to the loss of 
capacitance of the aluminium electrolytic condenser. 

The first is clogging-up of the porous positive film, 
either by a deposit of crystals or precipitates, from the 
electrolyte, or by aluminium salts in the colloidal state. 
In either case a new positive plate will be found to restore 
the capacitance. If the deposit is one of crystals from 
* See Bibliography, (21), (22). 


In some “ wet ” condensers copper cans have been used 
as cathodes, but the copper usually contaminates the 
electrolyte and causes deterioration. A more modem 
idea is the use of aluminium cans as cathodes but with a 
coating of chromium plating inside. This, however, 
possesses the disadvantage that severe a.c. ripple overload 
causes the coating to come off and thus spoils the con¬ 
denser. Another method is to roughen the. cathode— 
either mechanically or chemically—so as to increase, its 
effective area and so reduce the loss of capacitance arising 
from any film formation on the increased area. 

(6) PRACTICAL APPLICATIONS 

(a) In Rectified A.C. Circuits 

It has been mentioned that the present-day electrolytic 
condenser owes its development to radio receivers and 
amplifiers, which call for large-capacitance condensers 

* See Bibliography, (23). t Ibid., (24). t Ibid., (25). 
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with the minimum of physical dimensions. These con¬ 
densers are used for smoothing rectified alternating 
current, and may be divided into two principal 
categories:— 

Low-voltage types .—Condensers of capacitances gene¬ 
rally between 6 and 50 jiiF, suitable for operation at 
voltages of 6 to 100 V. These are usually used for by¬ 
passing undesired low frequencies in grid-bias circuits. 

High-voltage types .—Condensers with capacitances of 
3 to 24 /xF, for operation at voltages of 200 to 550 V. 
These are principally required for smoothing rectified a.c. 
supplies to the anode circuits of the valves. 

While electrolytic condensers in normal use are required 
for by-passing audio frequencies only, it is of interest to 
designers sometimes to know the behaviour of these con¬ 
densers at higher frequencies. Fig. 18 shows the equiva¬ 
lent series resistance of a 6-y.F 500-V condenser of the 
dry type at various frequencies up to 1 Mc./sec., while 


(iv) A wet electrolytic condenser must be mounted 
vertically with the vent above the level of the electrolyte. 
A dry electrolytic condenser, on the other hand, may be 
fixed in any position and must be used where unusual 
orientations of the apparatus are contemplated. 

(v) If the apparatus incorporating electrolytic con¬ 
densers has to lie idle for long periods, the dry type is 
preferable. This is in some measure due to the fact 
that the dry ones can be very effectively sealed, and in 
general have greater film stability. 

In the applications mentioned in this section it has 
been assumed that there is a steady unidirectional voltage 
applied with an alternating or “ ripple ” voltage super¬ 
imposed which it is the purpose of the condenser to shunt 
or " smooth out.” When using the polarized condenser 
with a formed anode and a plain cathode it is essential to 
observe the following precautions:— 

First, the positive side of the d.c. supply must be con- 



Figs. 19 and 20 show the impedance and capacitance of 
8-/xF wet and dry types in the audio-frequency range. 
The effective capacitance at radio frequencies is of no 
practical importance, since the impedance may be taken 
to be equal to the effective series resistance. 

It is difficult „o lay down any hard-and-fast rules for 
the choice of a particular type of condenser, but the 
following points may be taken as a general guide:— 

(i) If a low power factor, as such, is desirable, the dry 
or semi-dry types will give a lower power factor than the 
wet type. 

(ii) If a wide range of working temperatures has to be 
catered for, the wet type will, in general, give lower 
stability of operation and characteristics. This is parti¬ 
cularly true at extremes of temperature. 

(iii) If the condenser is required to function as a voltage 
limiter by drawing a large leakage current while the rest 
of the load is inoperative, as with slow-heating valves, a 
wet electrolytic condenser should be chosen on the 
grounds of reliability and length of service. 


nected to the anode or positive of the condenser. A 
reversal will cause the condenser to act substantially as a 
short-circuit. 

Secondly, the sum of the steady voltage and the peak 
value of the alternating voltage must not exceed the 
rated working voltage of the condenser; in general, this 
total should normally be about 85 % of the condenser 
rated voltage. This figure covers mains-voltage varia¬ 
tions and other transients. An excess of voltage may 
cause increase of leakage current or even scintillation, 
leading to overheating and rapid deterioration of the 
film. 

Thirdly, the peak value of the ripple must not exceed 
the steady voltage, i.e. there must be no " negative ” 
peaks. Such transient reversals of polarity cause the 
introduction of harmonics due to partial rectification and 
also lead to a rapid reduction of capacitance owing to 
the formation of a film on the cathode, the effective 
capacitance then being that due to the two capacitances 
of the anode and cathode films in series. 
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Fig. 19. —Impedance/frequency relations of wet and dry types of condensers. 



Fig, 20.—Capacitance/frequency relations of wet and dry types of condensers. 
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Where the fluctuating voltage is considerable, as, for 
example, in the reservoir condenser following a rectifier, 
and in the applications of the non-polarized type of con¬ 
denser in a.c. circuits, it is necessary to ensure that the' 
alternating current through the condenser is not great 
enough to cause undue temperature-rise. The maximum 
permissible temperature-rise varies with the condenser, 
as does the maximum alternating current which should 
be allowed to pass through it. In general, the larger the 
bulk of the condenser and the smaller the power factor, 
the greater will be its volt-ampere rating for ripple 
current. 

(b) For Direct Connection to D.C. Supplies 

Where circuits containing electrolytic condensers are 
incorporated in portable electric or radio apparatus 
intended for connection directly to d.c. supplies, there 
is always the possibility of reversal of the connections. 
In apparatus incorporating a rectifier, such as A.C./D.C. 
radio receivers and amplifiers, the reverse resistance of 
the rectifier is sufficiently high to prevent a short-circuit 
through the electrolytic condenser. In the absence of a 
rectifier it is necessary to use a reversible or non-polarized 
electrolytic condenser, or, strictly speaking, a doubly 
polarized electrolytic condenser. This type has both 
plates formed, the forming voltage being greater than 
the maximum possible peak voltage in either direction 
of connection. As the two film capacitances are in series, 
two anodes, each of twice the surface area of that used in a 
singly polarized condenser of the same capacitance, are 
required. As, moreover, the anode foil is customarily 
thicker than the cathode foil in the polarized type, the 
volume of a reversible condenser is rather more than 
twice the volume of a polarized condenser of equal 
capacitance and rated voltage. The same electrical 
effect as that of a reversible condenser may be produced 
by using two polarized condensers each of the required 
voltage and double the required capacitance. These are 
connected cathode to cathode, and the external connec¬ 
tions are made to the two anodes. Such a " back to 
back " connection, however, requires about four times 
the vol um e of a polarized condenser of equal rated 
voltage and capacitance. 

(c) For Use in Pure A.C. Circuits 

Electrolytic condensers have been used on alternating 
current alone, principally for split-phase motors. Con¬ 
densers for this purpose should be of the reversible tjqoe, 
and each anode must be capable of withstanding the peak 
voltage of the circuit.* 

The high power factor of electrolytic condensers, how¬ 
ever, makes heat dissipation a very important feature of 
the design, and it is only practicable to use them for 
short-period operation, e.g. for motor starting. In the 
U.S.A., with a majority of 110-volt 60-cycle supplies, such 
electrolytic capacitors have been widely used. On 200- 
250-volt mains there are two sources of difficulty which 
tend to limit their usefulness. Firstly, for a given size of 
condenser plate at a given frequency, the impedance 
rises directly as the voltage rating, while the power loss 
increases as the square of the voltage divided by the 

* See Bibliography, (58). 


impedance. In effect, therefore, the power loss for a 
given volume of electrolytic condenser increases as the 
voltage of operation. This means that the condenser has 
to be limited to shorter periods of operation or the bulk 
has to be increased for adequate heat dissipation. 
Secondly, their use at higher voltages than 120 V requires 
the use of thicker separators between the plates and so 
further increases bulk and cost. 

The use of electrolytic condensers in a.c. circuits is a 
modern application of an old idea. In 1891 Hutin and 
Leblanc patented a split-phase motor to operate from 
single-phase alternating current by the use of polarization 
batteries, while Mascart and Joubert showed that a 
polarization battery was equivalent to a condenser. 



Fig. 21. —Characteristic of “ regulating ” type condenser. 


(d) “ Regulating ” Condensers 
Reference has already been made to the use of con¬ 
densers for limiting the voltage-rise in a rectifier circuit 
with poor regulation. Wet electrolytic condensers are 
used for this purpose, and depend for their operation on 
the fact that the d.c. leakage current rapidly rises as the 
voltage is raised above the normal operating point.* If 
it is raised far enough there may even be sparking at the 
anode. When the voltage is reduced to normal, however, 
the condenser functions again in the normal way owing to 
the self-healing properties of the film. If the condenser is 
operated too often in this way, the effective life will he 
shortened, because of excessive evaporation caused by 
increased leakage and overheating. In addition, there is 
increased risk of corrosion at the boundary surface once 
part of the anode is exposed above the level of the 
electrolyte. A typical leakage curve of a regulating 
condenser is reproduced in Fig. 21. 

It is interesting to consider the location of a regulating 

* See Bibliography, (62). 
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condenser in a rectifier system including a choke-con¬ 
denser filter. The output of the filter is the logical place, 
because, owing to the added d.c. resistance of the low- 
frequency choke or chokes, a lower voltage is obtained 
for a given a.c. input to the rectifier and a smaller leakage 
current is required for a given reduction in voltage than if 
the regulating condenser were used as the reservoir con¬ 
denser immediately following the rectifier. The design 
of some receivers, however, modifies this, and where they 
are employed it is more customary to put regulating con¬ 
densers into the reservoir position. 

ADDENDUM TO SECTION (6) 

{Received 24 th May, 1939.) 

(e) Surge-proof and other Special Types of Elec¬ 
trolytic Condenser 

Mention has been made in the body of the paper 
[Section 6(d)] of the regulating action of the “ wet ” 
types of electrolytic condenser. This is referred to also 
as a “ surge-limiting ” action, since it serves the purpose 
of limiting the rise of voltage across the condenser 
terminals due to surges, such, for example, as during 
the heating-up period of the valves in a radio receiver. 

With a dry electrolytic condenser no such action is 
possible to anything approaching the same degree, so 
that to enable the condenser to withstand these switch¬ 
ing-oil surges the voltage rating of the normal dry 
condenser must be made at least equal to the highest 
peak voltage of the surge. 

The “ surge-proof ” type of condenser is a species of 
intermediate form, as far as action is concerned, although 
in construction it is essentially of the dry type. These 
condensers can, however, withstand the application to 
them of voltage surges frequently of as much as 30 % 
above their normal rated working voltage without 
damage, provided that their duration is limited to, say, 
less than 60 sec. and they are only repeated at infre¬ 
quent intervals—say, exceeding an hour. In size they 
are smaller, and in cost cheaper, than the normal-type 
dry condensers for the peak voltage rating, and this 
constitutes their main advantage. These properties are 
secured by the use of a thicker separator, which is sub¬ 
divided into at least two layers, and often has at least 
one of these layers of a more solid structure than the 
very absorbent paper tissues now generally employed 
for dry condenser separators. The separator may con¬ 
sist of two paper layers each 0 • 004 in. thick or there¬ 
abouts, or of one layer of paper and one layer of a 
cellulose ester film—such as “ cellophane,” or the like. 
A very usual rating for these condensers is 450 volts 
(peak) working, 600 volts surge. 

Some manufacturers of these condensers have claimed 
advantages arising from special formation or ageing 
treatments intended to modify the shape of the re¬ 
forming characteristic of these condensers. These 
changes, however, have usually little effect upon the 
performance of the condenser under surge conditions. 
The separator construction is a much more important 
fcLCtOl* 

In addition to the etching processes, of which mention 
is made in Section 5(a), for increasing the capacitance 


per unit area of the anode, other constructions have been 
developed for achieving a similar result. One such 
consists of covering the anode foil with a layer of small 
metal (aluminium) particles, sprayed on to it, so as to 
present an enlarged surface area to the electrolyte. 

In another construction, usually referred to as a 
“ fabricated anode,” the aluminium particles are sprayed 
on to the surface of a fibrous separator, such as cotton 
gauze, so as to give a large-area rough metal surface 
attached to one side of the separator. The capacitance 
gain per unit area can be made somewhat larger than is 
normally obtainable with either etched or mechanically 
treated anode foils,- so that a condenser of somewhat 
further reduced size becomes possible. 
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APPENDIX 

Standard Specification for Performance and 
Acceptance Tests 

(i) General. 

All tests shall be carried out in normal laboratory 
atmospheric conditions at an ambient temperature lying 
between 15° C. and 20° C. Condensers shall be mounted 
or held in their normal working positions for all tests. 
Wet-type condensers should be upright. 

(ii) Re-forming. 

Condensers as received shall be subjected to an initial 
re-forming treatment consisting of the application to them 

Table 1 



Duration of treatment 

Condensers tested 

Dry-type 

Wet-type 


condensers 

condensers 


min. 

hr. 

Within 1 month of manufacture 

10 

2 

After 6 months’ shelf " idling ” 

30 

6 

After 12 months’ shelf " idling ” 

60 

12 


of a steady d.c. voltage equal to their rated working 
voltage, applied in the correct direction in accordance 
with the terminal marking. The duration of this treat¬ 
ment shall be as shown in Table 1. 

At the end of this period the leakage current passing 
through the condenser shall be measured by an appro¬ 
priate milliammeter, and shall not exceed the following 
limits, except that in no case need the leakage be less 
than 0 • 1 mA:— 

Dry-type condensers, 0 • 15 microamp. per microfarad 

per volt. 

Wet-type condensers, 0 • 35 microamp. per microfarad 

per volt. 

# M 

(iii) Capacitance. 

(a) Electrolytic condensers rated for use on direct current. 
—The capacitance of the condensers shall be measured 
at a frequency of 50 cycles per sec. using the impedance 
method, a bridge circuit, or other equivalent network. 
For the purposes of this test the condensers shall be sub¬ 
jected to a d.c. polarizing voltage of 75 % of the rated 


(peak) working voltage of the condenser, while the a.c. 
ripple voltage (r.m.s.) superimposed thereupon for the 
purposes of the measurement shall not exceed 10 % of 
the rated (peak) working voltage of the condenser. 

The capacitance value so determined shall not differ 
from the nominal capacitance value of the condenser 
by more than the tolerance given in Table 2. 


Table 2 


Rated voltage of condenser 

Maximum permissible tolerances 

- 

+ 

Up to 100 volts .. 

10 

100 

Over 100 volts .. 

10 

50 


(b) Electrolytic condensers rated for use on alternating 
current. —The capacitance of the condensers shall be 
measured at their rated frequency (usually 50 cycles 
per sec.) using the impedance method, with a voltage, 
of substantially sine wave-form, of 0* 8 of the rated r.m.s. 
voltage of the condensers applied for a period of 3 sec. 
The apparent capacitance at the end of this period shall 
be taken as the capacitance of the condenser, and shall 
not differ from the nominal capacitance by more than 
- 10 % or + 25 %. 

(iv) Power factor. 

This shall be determined by a bridge method with a 
testing frequency of 50 cycles per sec. and may con¬ 
veniently be measured at the same time as the capacitance 
value if suitable apparatus is employed. The value 
should not normally exceed the limits shown in Table 3. 

(v) Insulation. 

Where the condensers are enclosed in insulating cases, 
or in metallic cases but insulated internally therefrom, an 
insulation test shall be applied between the condenser 
sections and the metallic case, or between the sections 


Table 3 


Rated working voltage (in volts) 

Maximum power factor (per cent) 
for:— 

of condenser 

Wet-type 

condensers 

Dry-type 

condensers 

Below 50 

_ 

20 

Between 50 and 100 

— 

15 

Between 100 and 450 

20 

10 

Over 450 

25 

10 


and a metal plate on which the insulating case is laid. 
This test shall be applied also between any separate con¬ 
denser sections which are intended to be completely 
isolated from one another. It shall not be applied 
between the terminals of any condenser sections which 
have any common connections (either positive or nega¬ 
tive) between them. 

The insulation resistance when measured with a testing 
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voltage, applied in the above way, of 1 000 volts (d.c.), 
shall exceed 100 megohms. 

(vi) Extra tests. 

In those cases where comparisons of a more critical 
nature are desired as between batches or types of con¬ 


densers, the foregoing tests may be amplified by the 
addition of tests of re-forming characteristic and. of 
voltage characteristic, both taken after the application 
to the condenser of its rated worldng voltage for a period 
of 100 hours, followed by an idling period of 100 hours 
immediately preceding the tests. 


DISCUSSION BEFORE THE WIRELESS SECTION, 1ST FEBRUARY, 1939 


Dr. F. C. Stephan: In the paper it is mentioned that 
Betz found that of the oxygen evolved during the forming 
process by Faraday’s law only about 5 % went to form 
the film, and Guntherschulze and Shipley state- that 
under conditions of sparking in an aqueous electrolyte 
the volume of gas may be as much as 10 times greater 
than that given by Faraday’s law. A better picture of 
the forming process and the general behaviour of an 
aluminium anode in an aqueous electrolyte is given by 
the results of certain unpublished experiments carried 
out in the T.C.C. research laboratories. The gases 
evolved during formation were collected, measured, and 
analysed, at the anode and cathode, using aluminium 
electrodes and the usual aqueous solution of ammonium 
borate. A variable resistor in the circuit kept the current 
constant, the p.d. across the cell being allowed to rise. 
On making the circuit, gases were at first evolved at both 
anode and cathode, as might be expected, since at this 
stage the anode had no blocking oxide film. Very soon, 
however, practically all gas evolution ceased at the anode, 
whilst hydrogen was evolved in a regular manner at the 
cathode. This condition persisted until the voltage was 
high enough to cause sparking at the anode. At this 
point there was a sudden and great increase of gas from 
the anode, with steady evolution of hydrogen from the 
cathode. The gases collected now from the anode were 
no longer oxygen, but a mixture of oxygen and hydrogen 
accompanied by traces of ammonia and nitrogen. 
Whereas prior to the onset of sparking the evolution of 
hydrogen and the absorption of oxygen by the aluminium 
to form the oxide agreed with the figures calculated from 
Faraday’s law, the gas evolved during sparking was 
greatly in excess of theory. I think it is obvious that the 
disruptive action of the sparks on the aqueous solution 
is the cause of the violent evolution of gases from 
the anode. 

The re-forming characteristic is, as the authors suggest, 
a measure of the film stability, but it would be preferable 
to refer to the effect as due to the solubility of the oxide 
film in the electrolyte. The oxide-dielectric -film is 
soluble in exceedingly minute but measurable quantities 
in electrolytes, with a minimum solubility at pH 7. This 
is general for all types of electrolytes used in electrolytic 
condensers, the relative amount, of course, varying some¬ 
what with the actual solution used. The idling properties 
of a given type of film can be predicted from a study of the 
electrolyte. The whole theory and practice of electro¬ 
lytic condensers is bound up with the electrolyte, and 
many workers neglect the profound influence of the 
electrolyte on the operation of a condenser. 

With regard to Fig. 17, this would be more useful if 
the capacitance were shown as a percentage of the initial 
value rather than of the rated value. If this were done 
the superiority of the wet type would be seen at a glance. 


Perhaps the authors can give some reason for the sudden 
increase in the capacitance shortly after the commence¬ 
ment of the life curves of the dry types. 

Dr. W. Hackett: The voltage suggested in the pro¬ 
posed specification for the measurement of insulation 
resistance between terminals and case [Section (v) of the 
Appendix] would appear to be higher than that often 
employed on other types of condensers. On the other 
hand, no provision appears to be made for a proof test 
between terminals and case, and it would be interesting 
to know whether such a test is considered unnecessary or 
whether the insulation test is intended to cover such a 
test. Since the maximum possible working voltage on an 
electrolytic condenser is of the order of 500 or 600 volts, 
presumably the suggested test voltage of 1 000 volts 
would be adequate. 

It is intimated in the paper that the electrolytic con¬ 
denser can be envisaged as a network consisting of a 
resistance, corresponding to the electrolyte, connected in 
series with a parallel capacitance and resistance. It 
would be interesting to know how far such a network 
really simulates the behaviour of the • condenser in 
practice, and what proportion of the losses are to be 
attributed to the electrolyte. The magnitude of the 
effective capacitance of a condenser represented by such 
a network would appear to depend to some extent on the 
function of the condenser in the circuit. For instance, 
the equivalent parallel capacitance would appear to give 
the effective value for a filter component, whereas the 
equivalent series capacitance would give the effective 
value for a reservoir condenser. The value of capacitance 
estimated from the impedance measurement would 
appear to over-estimate the equivalent parallel capaci¬ 
tance and under-estimate the equivalent series capaci¬ 
tance by a proportion equal to half the square of the 
power factor. For the maximum permissible power- 
factors suggested in Table 3 of the Appendix, however, 
the error is probably, in general, unimportant in view of 
the tolerances normally allowed on the capacitance of 
electrolytic condensers. 

Dr. R. C. G, Williams: The application of electrolytic 
condensers to radio and television sets is twofold: first of 
all, there is the reservoir condenser forming part of the 
main smoothing equipment, and secondly there are the 
tubular condensers which act as by-pass condensers at 
the audio-frequency end, where a good low-frequency 
response is essential. 

Dealing first of all with the reservoir condenser, set 
makers have for some years been paying a considerable 
amount of attention to the question of whether a dry 
or a wet type of electrolytic should be used. Some 
6—7 years ago the usual procedure was to employ a very 
large paper-dielectric condenser, and later the wet type 
of electrolytic condenser came into use. It suffered from 
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certain disadvantages, the chief being leakage of the 
electrolyte. The dry type of electrolytic condenser was 
not subject to that difficulty, but in many cases it was 
unreliable. Since then the dry type has been developed 
to a very large extent, particularly in the direction of the 
production of the surge-proof condenser, which embodies 
many of the advantages of the wet type; but the expe¬ 
rience of many set makers to date, so far as their service 
returns go, is that the wet electrolytic condenser is rather 
more reliable as a reservoir condenser than the dry. It 
is difficult to see why this should be so, because the dry 
type would seem to have all the advantages of the wet 
and, in addition, the big advantage of lower price and 
greater compactness. The explanation may be that a 
wet electrolytic condenser requires less skill in assembly 
than a dry, so that with the latter, a sudden production 
rush may turn out condensers which will give trouble 
after several months’ service. Do the authors feel that 
in the course of years the dry electrolytic condenser is 
likely to become as reliable as the wet ? 

Secondly, dealing with tubular paper-dielectric con¬ 
densers, these are a very cheap and convenient way of 
getting large capacitances compactly' under the chassis 
of a radio set. It occurs to me that if only' we could get 
over to some extent the disadvantage of the electrolytic 
condenser in the shape of its lower power factor and 
higher leakage, a small electrolytic condenser might take 
the place of a large number of paper tubular condensers 
such as are at present in use. I should welcome the 
authors’ opinion on this point. 

Mr. C. H. Starr: It is sometimes suggested that con¬ 
denser makers have difficulty in adapting their products 
to meet the rapidly changing requirements of users. I 
have here a purchasing specification which we prepared 
over 3 years ago. It is only' recently that it has been, 
necessary to revise it, chiefly owing to advances offered 
by the condenser makers themselves. The specification 
runs into some 18 pages, whereas I notice that the 
standard specification given by the authors at the end 
of their paper takes up a little under a page of print. 
Perhaps an 18-page specification is the sort of thing a 
user would write, whereas the authors’ specification is the 
sort which a supplier would be expected to draw up! 
The point is that work done in standardizing one's 
requirements and setting them down in a good specifica¬ 
tion is of real value to both buyer and supplier. 

I. notice that Table 1 gives a much longer re-forming 
time, for wet-type than for dry-type condensers, and I 
should like to know why that is so, when the leakage 
limit for the wet is already higher. I think that the 
tolerances shown in Table 2 are rather large, particularly 
on the high-voltage condensers. I should like to know 
why these limits are set according to voltage only. 

As regards Table 3, I have never been able to under¬ 
stand why anyone should he particularly interested in 
the power factor of electrolytic condensers, at least so 
far as their use in ordinary radio smoothing circuits goes. 

Mr. W. E. M. Ayres: It has been suggested that a 
polarization cell in the form of an electrolytic ’ condenser 
should be used as a phase advancer, connected across 
the slip-rings of a.c. motors. Some y'ears ago I had to 
investigate this suggestion and found that the phase angle 
could not be more than 45° leading for the symmetrical 

Vol. 85. 


combination of spongy lead electrodes and dilute H 2 S0 4 . 
The maximum voltage was limited to 2 • 2 volts (peak), and 
the equivalent capacitance increased rapidly with the 
voltage up to this limit; also the capacitance increased as 
the slip frequency was reduced. No dielectric-film theory 
could be made to lit in with the phenomena observed, and 
the following theory, which appears to answer completely 
for this type of condenser, was substituted. It is well 
known that every solution contains dissociated ions to a 
degree which maintains equilibrium with the solution 
pressure. When a current traverses the electrolyte, these 
ions, positive and negative, migrate towards the cathode 
and anode respectively, building up a higher solution 
pressure at the surface of the electrodes and a V-curve 
of osmotic, pressure in the electrolyte between the two 
electrodes. The highest pressure gradient, and therefore 
potential difference, will occur when the maximum 
current has flowed through the electrolyte, which, of 
course, is when the current is just changing direction and 
passing through zero. The current therefore leads by 
90°, and a condenser effect is observed. Simultaneously, 
however, a process of diffusion is going on which depends 
upon the differences in solution pressure and follows the 
same laws as the pressure-increase. Moreover, this dif¬ 
fusion is at its highest value when the pressure-difference 
is at maximum, and the curve representing the diffusion 
is therefore in phase with the voltage. These two equal 
components at right angles give a theoretical maximum 
power-factor of 0 • 707. Our results showed that a value 
of about 0-76 was attainable, and the losses represented 
by the difference could be accounted for. 

The above theory will not apply to oxide-film rectifiers. 
A1 2 0 3 is an insulator and a polar molecule, and may be 
predicted to act as a condenser dielectric in the dry state. 
Under such conditions it will behave according to the 
usual geometric laws. These laws will not hold when it 
is in contact with an electrolyte, however, and the porous 
nature of the oxide will not account for the higher 
capacitance. A satisfactory theory has not yet been put 
forward, but I am inclined to believe that a chemico- 
physical explanation is more likely to fulfil the require¬ 
ments than a film theory based on geometrical 
considerations. 

Dr. G. D. Reynolds: I think that the authors’ leakage 
figures for dry-type condensers are rather generous: our 
own limit is 0 • 10 /xA per jx F per volt. 

In addition to applying the power-factor test given in 
the Appendix, it is desirable to take samples continuously, 
a few at a time, from the bulk production of these con¬ 
densers and subject them to a specified life test. Our 
own test is 2 000 hours at 45° C. with 75 % of the rated 
voltage, the ripple voltage being equal to 10 % of the 
applied d.c. voltage. At the end of this test we expect 
the capacitance to be down by not more than 15 %, the 
power factor to be up by not more than 3*3 %, and the 
leakage to be up by not more than 100 %. 

It is mentioned in the paper that the elecfrqjyte can be 
applied either during the winding of the;condenser or by 
winding the unit dry and then impregnating it. Our own 
finding on life tests is that impregnation after winding 
does not usually give so good a condenser, and I should 
like to have the views of the authors on this matter. 

Another point is the authors’ reference to separators; 

9 
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at one time we tended to insist on gauze separators 
because the paper-separator type of condenser did not 
stand up at all well on life test. In the paper-separatoi 
condenser there was a tendency to use too little elec¬ 
trolyte, and on life tests, particularly at 45° C., the power 
factor of the condenser quickly rose to 2-3 times the 
initial figure. Nowadays the allowance of electrolyte is 
more generous, and it seems that the paper-separator 
condenser is just as good as the gauze-separator type, 
and quite appreciably cheaper. 

There is one aspect of condenser life on which the 
authors do not touch, and that is corrosion. It is still 
possible, even on quite reputable condensers, for corrosion 
of the tab to occur just where it comes out of the 
separator; eventually the tab becomes open-circuited, 
presumably in consequence of corrosion at the electrolyte- 
air-aluminium interface. Another point where corrosion 
arises is at the joint of the copper wire to the aluminium- 
foil tab. It is not always practicable to make sure that 
electrolyte cannot reach the point at which the copper 
wires are connected to the tab. If any electrolyte gets 
to that copper-aluminium junction, corrosion and a very 
high leakage will occur. The American form of con¬ 
struction, where no copper wires are taken into the can, 
tends to avoid that trouble completely. 

Another question which I should like to ask is what 
degree of purity is required in the aluminium anode. 
Two or three years ago we had a batch of condensers in 
which the purity was a little v lower than normal, and very 
considerable corrosion of the anode occurred. Still on 
the question of purity, I noticed in the film which the 
authors showed that a good deal of handling occurred, 
much of it with bare hands. It is the modern practice 
to avoid touching the anode foil at all with the bare 
hands, because of the possible acidity of the perspira¬ 
tion. 

Mr. H. L. Oura: There are three points which I think 
might add to the interest of the paper. In the first place, 
surge-proof condensers are not mentioned, and I feel that 
an account of their construction and the theory of their 
operation would be of great interest and value. Secondly, 
the author makes no mention of the fabricated-plate type 
of condenser. The third point of interest is the com¬ 
mercial possibility of building up high-voltage—say 
2 000- to 5 000-volt—condensers, by connecting electro¬ 
lytic condensers in series. 

Dr. D. N. Truscott: Guntherschulze and Betz* have 
published a book in which a' fairly comprehensive sum¬ 
mary of the subject dealt with in this paper is given. 
They say that as one forms the electrolytic condenser at 
low voltages in the first place one gets a homogeneous 
crystalline layer consisting entirely of A1 2 0 3 . Above the 
sparking voltage point-by-point breakdown of this film 
occurs, followed by some sort of burning-up process and 
the re-formation of a slightly less even film, which is 
entirely satisfactory as a dielectric. A third type of film 
is obtained when the aluminium is formed in an electro¬ 
lyte in which it is partially soluble, namely a porous film 
which may be very thick, and this is the sort of film which 
is obtained by the pre-formation process used in manu¬ 
facture. When the anode is subsequently formed at high 
voltage in the normal way, the homogeneous crystalline 

* “ Electrolytic Condensers ” (M. Krayn, Berlin, 1937). 


film occurs between this porous, layer and the anode 
surface; this accounts for many of the desirable properties 
of the pre-formed condenser, inasmuch as the external 
porous layer acts as a mechanical barrier, and limits the 
current at breakdown. The authors’ statement that, 
with suitable use, the life of the electrolytic condenser 
amounts to at least 2 years, appears unduly pessimistic. 
Very few radio-set manufacturers would be willing to 
put into their sets a component which would last only 
2 years, and I should like to quote an example from our 
own experience in this connection. In a bank containing 
four condensers of high voltage, one of them being a 
reservoir condenser, we had a total of 5 % of failures over 
a period of 2\ years, and these condensers, of course, were 
made some years ago. Giintherschulze says that a life 
of 15 to 25 years may be expected. 

Mr. W. J. Sulston: With regard to Dr. Truscott’s 
comments on the life of condensers, it has been found at 
the Post Office Research Station that the leakage of a. 



D.C;voltage applied,expressed as percentage of working voltage 


Fig. A.—Variation of leakage current of 250-volt electrolytic 
condenser with applied voltage. 

condenser increases rapidly as the d.c. voltage applied is 
increased above about 70 % or 80 % of the rated d.c. 
voltage. This is indicated for a typical 250-volt con¬ 
denser in Fig. A. It would be interesting to know 
whether, if the condenser were used at, say, 70 % of 
its rated voltage, there would be a perceptible increase 
in life. 

Mr. Starr criticized the recommendation in Table 1 
that treatment up to 12 hours’ duration should be applied 
to wet-type condensers. I should like to suggest that it 
would be preferable to make the conditioning period 
independent of the previous life of the condenser, and that 
this could be done by making it 24 hours in all cases. This 
is particularly desirable since users do not always know 
how long has elapsed since the condenser was manu¬ 
factured, or how long it is since an e.m.f. was last applied 
to it. 

Mr. F. L. Coombs: Fig. 17 shows that the capaci¬ 
tances of dry and wet condensers diminish considerably 
with time. I should like to know whether the capaci¬ 
tance eventually falls to zero or to a value of the order of. 
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say, 50 %. I ask this question because I think it is 
important, when considering the design of high-fidelity 
audio-frequency equipment, to remember that these con¬ 
densers are used very largely to by-pass the cathode 
resistance, in order to improve the frequency charac¬ 
teristics at the lower end of the frequency spectrum; and 
if we cannot rely on getting a high capacitance with an 
electrolytic condenser, it will be unwise to include it in an 
amplifier which is expected to give a number of years’ 
service. 

Mr. E. F. Clark: I should like to ask whether a lower- 
voltage condenser can be “ formed ” by a user so that 
it may be satisfactorily used at a higher voltage. 

(■ Communicated) The characteristics of an electrolytic 
condenser appear to be intermediate between those of an 
ordinary condenser and those of a battery of accumulator 
cells. As a user of electrolytic condensers I have come 
up against the question as to what is the equivalent of 
an electrolytic condenser in terms of a perfect ordinary 
condenser of equivalent capacitance and a battery of 
equivalent coulomb capacity. It appeared that a battery 
should have a relatively large electrolytic capacitance, 
yet trial on ordinary frequencies showed this not to be 
the case. 

The final conclusion was that a battery is equivalent 
to a large electrolytic capacitance together with its known 
coulomb capacity, both in series with resistance of suffi¬ 
cient magnitude seriously to reduce the smoothing 
effectiveness of the capacitance; whilst an electrolytic 
condenser is equivalent to a perfect condenser in series 
with a very small resistance together with further 
capacitance plus coulomb capacity, both in series with 
a much higher resistance. It might be expected, there¬ 
fore, that the effective smoothing capacitance of an 
electrolytic condenser at very low frequencies would be 
greater than that ordinarily measured. 

Messrs. P. R. Coursey and S. N. Ray {in reply ): We 
are indebted to Dr. Stephan for the account of his experi¬ 
ments, and agree that the abnormal gas evolution only 
takes place after the onset of sparking. We concur also 
with Dr. Stephan’s estimate of the importance of the 
electrolyte; that is why we are of the opinion that a 
theory of operation based on the solid film alone is 
inadequate. 

The solubility of the oxide film is merely a measure in 
inverse ratio of the film stability. While the electrolyte 
itself naturally exerts a vital influence on this action, we 
do not agree that it constitutes the only factor. Different 
modes of formation of the dielectric film, even when used 
with the same working electrolyte, can show very dif¬ 
ferent solubilities of the film, as judged by the stability 
or otherwise of its electrical characteristics. 

Fig. 17 was plotted in the manner shown, since the user 
of the condensers is in general concerned mainly with the 
actual capacitance value being greater than a certain 
minimum value which he has allowed for in the design 
of his filter circuits. The changes with respect to the 
initial capacitance are therefore of less importance. Dr. 
Stephan’s suggestion concerns only the consideration of 
the relative properties of the condensers themselves. 

The initial rise in capacitance shown by the dry types 
is very likely to be due to slight voids produced during the 
impregnation of the section, which are rectified by gradual 


penetration of the electrolyte into them and possibly also 
more completely into the interior of the separator fibres 
themselves. The capacitance thus rises during the early 
stages of the " run ” of the condenser. 

In reply to Dr. Hackett, we would point out that a 
fault in the insulation of the sections of an electrolytic 
condenser from its metallic case may have two charac¬ 
teristics; there may be a weak part, or fracture of the 
insulation, due, for example, to mechanical damage; or 
there may be an excessive leakage over or through the 
insulation due to its penetration by electrolyte from the 
sections. The latter type of fault would frequently not 
be detected by the conventional form of proof voltage 
test. It is therefore essential to combine that.test with 
some indication of insulation resistance. The most con¬ 
venient and useful solution results, therefore, in a com¬ 
bined test consisting of the insulation measurement made 
at the proof test voltage. 

We thank Dr. Hackett for drawing our attention to 
the omission of the capacitance measurements for electro¬ 
lytic condensers for a.c. circuits. We have made the 
appropriate addition to Section (iii) of the Appendix. 

Measurements of the resistivity of the electrolyte show 
that this factor accounts for approximately 95 % of the 
losses in the condenser. This figure has been confirmed 
also by dielectric-loss measurements on the film itself.* 
The resistance of electrolytes being a function of the 
frequency, it becomes impossible to represent an electro¬ 
lytic condenser by any network having fixed-value com¬ 
ponents. Attempts have been made in this direction, but 
without success, even over the audio-frequency ranges.! 

The bridge circuit of Fig. 8 measures the " equivalent 
series capacitance,” and, as Dr. Hackett points out, the 
difference between this value and the apparent capaci¬ 
tance (Fig. 7) and the “ equivalent parallel capacitance ” 
is normally quite inappreciable. 

The views expressed by Dr. Williams concerning the 
greater reliability of wet condensers must, we think, have 
been considerably influenced by different treatments that 
have often been accorded by the users to the two types 
of condensers. Any component containing a liquid is 
naturally given greater consideration and is located in 
more favourable positions than are others which from 
their form do not call for any special treatment of 
handling. 

On the other hand, in dry condensers there are many 
more places during the manufacturing process where 
incipient faults may occur. One reason is undoubtedly 
the very small clearances between the film and the 
cathode in the dry type, clearances which have perhaps 
been unduly reduced to satisfy the demand for smaller 
and smaller condensers. Further, owing to the high 
viscosity of the electrolyte, any undue hastening of the 
mixing and impregnating processes might cause the 
formation of local defects. The anode is also subjected 
to more mechanical handling between “ forming ” and 
assembly in the dry type, and there is the possibility of 
small flaws occurring in the film which may cause failure 
with a high ripple current such as is associated with a 
reservoir condenser. 

* H. Zauscher: Annalen der Physik, 1935, vol. 23, p. 597. 
t N. A. De Bruyne and R. W. W. Sanderson: Transactions of the Faraday 
S ociety, 1927, vol. 22, p. 42. 
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It appears that set designers are now using electrolytic 
condensers wherever these are practicable, and paper (or 
other dielectric) condensers are only being employed 
where a variable leak resistance, even of a high value, 
cannot be tolerated. Small electrolytic condensers have 
been brought down in size to a point where further reduc¬ 
tion in capacitance would be uneconomic owing to the 
preponderating labour costs, and the space requirements 
of leads-in and coverings. 

In reply to Mr. Starr and other contributors to the 
discussion, the Appendix has been put forward only as a 
tentative one. It,is very desirable that users and manu¬ 
facturers should get together with a view to preparing 
Standard Specifications, and we have made these 
proposals as covering the essential features which suffice 
to ensure reasonable uniformity and performance of the 
condensers. Special requirements of individual manu¬ 
facturers, such as fixing holes, terminals, etc., have 
obviously not been included. 

Referring in particular to the query raised concerning 
Table 2, the tolerances are based upon the voltage because 
the possible uniformity of formation of the film is a 
direct function of the voltage. The inherent differences 
in the surface condition of the anode metal cannot be so 
completely masked by the thin low-voltage film formation 
as they can by the thicker film formed at higher voltages. 

Contrary to Mr. Starr’s opinion concerning Table 3, we 
contend that the power factor of condensers carrying any 
appreciable ripple current does have an important bearing 
on their life. Under certain conditions it is also con¬ 
ceivable that the power factor of a condenser by-passing 
a cathode bias resistance will affect the degeneration or 
negative feed-back in the amplifier. 

Mr. Ayres’s remarks regarding the performance of the 
polarization cell are interesting. We have not referred 
to this type at any length as these cells are no longer used 
in practical applications. 

We feel that Dr. Reynolds’s generalization concerning 
the impregnation of dry condensers can only have been 
based upon incomplete data regarding the details of 
manufacture. Provided that the impregnation is- 
reasonably complete it is-immaterial at what stage it is 
earned out. The " more generous allowance of electro¬ 


lyte ” for paper separators to which he refers is not due 
to any change of heart on the part of the manufacturer: 
it is only the result of the development of more suitable 
material for the separator. A still more generous allow¬ 
ance would be made (and welcomed by condenser manu¬ 
facturers) if the size and price restrictions imposed by the 
radio set designers were not so stringent. 

For the aluminium anode it is desirable to have metal 
of a purity of at least 99 • 85 %. While greater impurity 
is harmful, a greater purity is not necessarily advantage¬ 
ous from the point of view of performance in service. We 
agree with Dr. Reynolds that any contamination of the 
anode, such as by handling, must be scrupulously avoided. 

Mr. Oura’s request for further information has been 
dealt with in an Addendum to the paper. High-voltage 
electrolytic condensers can be built provided that ade¬ 
quate precautions are taken to prevent leakage contact 
between the electrolytes of the different sections. This 
can usually be best secured by sealing each section into a 
metal container which is externally insulated from its 
neighbours. An increased factor of safety for the voltage 
rating of each section must be allowed in order to 
cover inequalities in theirleakage. 

In reply to Dr. Truscott, the period of 2 years is 
mentioned as the minimum effective life if the condenser 
is to retain at least 90 % of its original capacitance. For 
normal use in radio sets a much greater reduction in 
capacitance can be tolerated, with its attendant increase 
of effective life. 

We consider that it would be a better description of 
Mr. Sulston’s curve to say that the leakage current falls 
rapidly if the working voltage is reduced to below 70 % 
or 80 % of the rated voltage. Under this condition of 
use the life would be definitely increased. 

The fall in capacitance mentioned by Mr. Coombs will 
certainly continue below 50 %, but in normal conditions 
many years of service will be obtained before even this 
figure is reached. 

In reply to Mr. Clark, it is unsafe to attempt to " form ” 
up an electrolytic condenser to a voltage higher than the 
manufacturer’s rating. The resulting heating, gas evolu¬ 
tion, and exhaustion of electrolyte, will damage the con¬ 
denser and seriously impair its properties. 
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Mr. H. Diggle: The paper describes the practical 
development of a voltage regulator of a simple type, 
and gives a very fair statement of its merits and some 
of its demerits. Its fundamental working principle is 
seen most clearly in the simplest form (Fig. 1) when it 
behaves like an inductive potentiometer, in which the 
moving coil takes the place of the sliding contact of 
the more usual resistance potentiometer. It must have 
the usual disadvantages of resistance potentiometers, in 
that there is no direct transformation effect. There is, 
of course, a transformation effect between the shunt and 
the series windings of the types which are shown in the 
other diagrams, but the statement is, I think, correct 
in relation to the shunt windings a and b. With a resis¬ 
tance potentiometer, the no-load current must be chosen 
at a high value to avoid a high voltage-drop on load, e.g. 
in the regulator of which the technical data are quoted 
on page 17 (vol. 83), the no-load current is 1-92 amp. 
against a winding full-load current of 4*52 amp., i.e. 
42 % as compared with approximately 5 % in a trans¬ 
former regulator. The presence of the large air-gaps, 
even if worked at low flux densities, would appear to 
make a high magnetizing current inevitable. 

I raised this point in the London discussion, and the 
author replied that the magnetizing current was not 
really 42 %, as the full load of the test circuit did not 
represent the real full-load capacity of the regulator. 
A second reading of the paper enables me to ask for 
more precise information on this point. I realize that 
design proportions could be varied to give relatively low 
figures if an abnormal amount of active materials were 
to be used, and also that a regulator with very high 
magnetizing current might be an advantage in cable¬ 
testing equipments to counteract the capacitance load¬ 
ing ; but I should like to ask what value of magnetizing 
current can be expected in a regulator of normal design, 
expressed as a percentage of the winding full-load current 
(not of the output full-load current) of a regulator to 
give, say, ± 10 % boost in, for example, a 300-kVA 
circuit. 

The inherent regulation of the author’s voltage regu¬ 
lator would appear to be poor, except when m one of 
the two extreme positions, and I should like to ask 
•whether the voltage-regulation curve of Fig. 8 with 
varying lagging power-factors of load will bear the same 
shape in, for example, the mid-position of the moving 

The construction of 3-phase regulators consists simply 
of assembling three single-phase regulators m one tan . 
Other types of regulators exist in which it is possible to 
unite parts of the magnetic circuits so as to achieve 
* Paper by Mr. E. T. Norris (see vol. So, page 1). 


reduction in core material and losses, as is done in a 
conventional 3-leg core-type transformer with common 
yokes, and I should like to know whether the author 
has been able to develop any such arrangement for the 
moving-coil type. 

I agree with him in his argument that frequently no 
good results from a customer specifying too-rapid opera¬ 
tion of the regulator to correct voltage fluctuations, and 
I should like to ask what he considers a reasonable 
operating speed for an automatic regulator of, say, 



± 10 % boost, to cover the whole range under motor 
drive. 

The induction disc motors are, as the author states, 
inefficient, but the advantage of simplicity of operation 
may justify their use on small equipments. I submit, 
however, that it is carrying'an idea to extremes to use 
8 or 10 of these motors round the periphery of a large 
gearwheel, as is shown in Fig. 19 (Plate 1). . The use 
of a conventional motor with reduction gearing seems 
the more logical course, and I note that the latter type 
of motor has to be used when rapid movement is 
required. When a large number of small motors has 

51 
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to be used a contactor has to be interposed between the 
voltage relay and the motors, so that the comparison 
of Fig. 23, in which the new regulator is shown to have 
only three links in the chain, as compared with eight 
for a tap-changer, is exaggerated. 

A German manufacturer has gone a step further than 
the author has envisaged, and produced a system of 
automatic control in which even the voltage-regulating 
relay has been dispensed with. A conventional 3-phase 
squirrel-cage induction motor is split into two circuits 
as shown in Fig. L, and one winding is connected in 
series with a " blocking circuit ” consisting of a saturated 
(iron-cored) reactor X in parallel with a condenser C r 
An “adjustment ” condenser C 2 is included in the circuit, 
and a third condenser C 3 is connected in one of the 
other phases. The resultant current of the “ blocking ” 


branch roads. Cables laid perhaps 10 years ago when 
few houses existed have, as a result of this development, 
proved inadequate to afford a satisfactory supply. At 
the same time it is often found difficult to determine 
the best position for a substation to rectify this con¬ 
dition, as the direction in which future development will 
occur cannot be predetermined. When such conditions 
obtain, the installation of l.t. voltage-regulating appar¬ 
atus is of great assistance. It often enables the dis¬ 
tribution engineer to delay his selection of a substation 
site until the load has grown sufficiently to justify it, 
and to indicate just where it should be chosen. 

The undertaking with which I am connected have 
several similar cases to that just mentioned, and have 
found a very satisfactory solution along the lines sug¬ 
gested in the paper. In the case of a uniformly loaded 



Fig; M.—Voltages and currents at points along 3-phase distributor. 


circuit follows a curve in which the current and voltage 
are in phase at 100 % voltage, the current changing 
from “ lagging ” to “ leading '* as the voltage varies 
from higher to lower than' 100 % volts. The motor 
remains stationary at normal voltage, but runs in one 
direction or the other if the voltage deviates from normal, 
so that no voltage-regulating relay is required. 

Mr. C. Cameron Kirby: One of the most difficult 
problems of the distribution engineer to-day, and one 
that is experienced in a greater or less degree by all 
public utility undertakings, is to meet economically the 
requirements of property coming under the head of 
ribbon development. This problem is more acute with 
supply undertakings whose areas include suburban and 
rural districts than with those which are primarily urban 
in character, and it particularly affects our secondary 
roads, where development has occurred, sometimes at 
infrequent intervals, and often without the support of 


distributor the ideal position of the regulator is one-third 
of the route length from the feeding point. It has been 
my experience that the full benefits to be derived from 
voltage-regulating apparatus of this kind are obtained 
when a static balancer of suitable capacity is installed 
at the end of the distributor remote from the feeding 
point. I have found the performance given by moving- 
coil regulators controlled by astatic relays to be markedly 
superior to that given by the earlier type of control, and. 
have recently installed the improved relay on the earlier 
type of regulator. 

_ 1 recommend distribution engineers who are con¬ 
sidering the installation of similar apparatus to specify 
a switching device for cutting out the regulator without 
interrupting the supply. Although my own experience 
has been that the maintenance work on a moving-coil 
regulator is no more than that required by a tran s- 
former, circumstances may arise when it is desirable t o 
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switch off the apparatus and still maintain supplies. 
The most recent regulator supplied to my employers 
incorporates this feature. 

Many voltage-boosting equipments in use to-day have 
the controlling relay connected across two phases, with 
the result that all phases may get approximately the 
same degree of boost irrespective of the loading condi¬ 
tions. For instance, if the incoming low voltages had 
values such as 220, 230, and 240 volts, then with a 
15-volt boost on all phases the outgoing voltages would 
be 235, 245, and 255 volts. This would not result in 
satisfactory conditions at consumers' terminals. For an 
extra charge, separate regulation may be obtained on 
all phases, and with this arrangement thoroughly satis¬ 
factory service will be provided under all conditions of 
loading. I have had a regulator of this type in service 
for about 2 years, and its performance has left nothing 
to be desired. With regard to the relative costs of the 
moving-coil regulator and competing equipments, the 
latter have been quoted for at prices from 10 % to 30 % 
higher for one-relay control, and from 20 % to 70 % 
higher for three-relay control. 

Fig. M indicates a typical problem met with in semi- 
rural areas. The case illustrated is one of ribbon 
development, with a distributor some 2 000 yd. in length 
supplying approximately 50 houses, some 30 % of these 
being at the extreme end. Prior to the installation of 
voltage-boosting equipment the supply undertaking was 
inundated with complaints. Originally one regulator 
only was installed, but owing to the growth of load a 
second regulator was connected 2 years later. Since 
then not a single complaint has been received. 

Mr. H. Shackleton : On page 4 (vol. 83), the author 
refers to the use of a moving-coil regulator to provide 
smooth voltage variation between tappings of on-load 
tap-changing equipment. Experience in this district, at 
any rate, indicates that consumers are not inconvenienced 
by tap-changes, provided the steps do not exceed 1-5 %. 
Sudden voltage fluctuations exceeding this amount are 
frequently experienced at consumers’ premises when 
household appliances are switched on or off. Reduction 
of contact maintenance is, however, an important point, 
and anything which enables this to be attained is worthy 
of consideration, particularly in the case of heavy-current 
equipment. 

I agree with the author in his statement on page 10 
that all regulators controlling voltage in distribution 
circuits should be automatically operated. I have been 
associated with an undertaking which for the last 5 or 6 
years has employed automatic voltage regulation exclu¬ 
sively at all main substations. Records taken over this 
period indicate the superiority of automatic over manual 
control. Substation attendants have other duties to 
perform in addition to controlling the voltage, and even 
*the most conscientious man has to rely on switchboard- 
pattern voltmeters, which are not usually satisfactory 
for close regulation. There have been occasions when 
the automatic feature has had to be cut out temporarily, 
and at these times there has often been a sharp rise in 
the number of voltage complaints. Only last Saturday, 
a complaint was received from another section of the 
department regarding unsuitable voltage regulation at 
a certain main substation where automatic control had 


been dispensed with for a few hours on each of the last 
few days. 

The moving-coil regulator appears to possess several 
advantages over, say, a tap-changing booster trans¬ 
former. With the latter, periodical inspection and 
maintenance are essential for satisfactory working. 
Although our experience with such equipment has been 
reasonably satisfactory, troubles have been experienced 
from time to time. The gear has occasionally failed to 
complete a tap-change; limit switches have operated and 
prevented automatic working being resumed until the 
particular substation has been visited; and excessive 
arcing on tap-changing contacts has been followed, in 
isolated cases, by the unit tripping out and causing 
interruption to supplies. 

The noise emitted by the operating mechanism should, 
in my view, be considered, as well as the noise from the 
transformer itself, particularly in the case of outdoor 
installations. Fortunately, complaints of noise have 
been relatively few. I remember one booster trans¬ 



former, however, in which the operating motor would 
have made an admirable air-raid warning siren. The 
motor eventually burnt out, and the whole gear has 
since been disposed of. 

On page 8, transformer noise is stated to be due 
mainly to core vibration, and therefore occurs at no load 
but is little affected by load. I would suggest that, in 
many cases, transformer noise is likely to increase at 
times of light system load, on account of reduced voltage- 
drop between the transformer and the generating station. 

The omission of control springs and hold-on devices 
in the astatic relay is a notable advance. The former 
have given rise to a certain amount of trouble in spite 
of the manufacturers’ assurance . that fatigue did not 
arise, and the latter need very careful adjustment if 
satisfactory operation is to be attained. 

The astatic relay movement is controlled by gravity 
(which is not likely to alter appreciably) and by the 
quantity it is designed to control, and appears to elimi¬ 
nate many possible sources of trouble. 

On page 13, it is stated that the installation of regu¬ 
lators along the distributor permits loads and feeder 
lengths which would otherwise result in voltage-drops 
4 to 5 times as great. This appears rather optimistic. 
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Voltage-drop due to switching on apparatus at the far 
end of a line could be corrected after an interval, but 
witli increased distributor lengths and additional impe¬ 
dance of regulators the initial drop is likely to incon¬ 
venience distant consumers. For example, a large milk 
cooler with a 3-h.p. motor situated some distance from 
a substation caused voltage " kicks ” ranging from 
10 to 21 volts on a 230-volt supply, although a 3-phase 
automatic induction voltage regulator with static 
balancer was already installed in the distributor con¬ 
cerned. It was found that the starting current taken 
by the motor varied from very small values up to 40 amp. 
Voltage fluctuations due to operation of the milk cooler 
are shown in Fig. N, which is a print of a record taken 
on the output side of the regulator. Failure of 3-phase 
regulation to maintain the desired voltage on all three 
phases is also indicated. 

Mr. J. B. Hansell: On page 10 the author refers to 
a short-circuit test on a regulator, a description of which 
was given in the Electrician. The regulator on which 
the test was made was designed to give llj % boost 
on a 50-kVA system, and it withstood a short-circuit 
current of 77 times normal. While this was a severe 
test, the equivalent 1-cVA of the single-phase regulator 
on which the test was made was only about 1 • 9 kVA, 
and the factor of safety of small transformers and 
kindred apparatus, against short-circuit forces, is usually 
very high. The test cannot, therefore, be taken as a 
general indication of the inherent strength of moving- 
coil regulator windings. 

The coils in the new regulator are long and thin, and 
one would expect them to offer weak resistance to axial 
forces. 

The author states that the axial force on the regulator 
winding under short-circuit conditions is reduced by 
two factors, one being that the change of reactance 
of the winding, with respect to the movement of the 
coil, is low. Does not this reasoning apply to axial force 
on transformer windings when the magnetic centres are 
displaced ? And yet, in the case of a transformer, axial 
force under short-circuit may be serious on account of 
the high value of short-circuit current. The force is 
actually proportional to fidL/ds. 

When dealing with short-circuit forces, the author 
states that it is not necessary to protect the regulator 
windings by means of external series reactors. Apart 
from the question of short-circuit forces, however, if 
there is no external reactance in series with the regu¬ 
lator there is the possibility that high voltages may 
appear on the main windings when a short-circuit occurs 
on the outgoing side of the regulator. 

Fig. O shows a moving-coil regulator designed to give 
equal positive and negative boosts with the moving coil 
in the position of'zero'boost. If a, short-circuit .occurs 
on the outgoing - side of the-regulator and full»phase 
voltage is maintained on the incoming side, this voltage 
will appear across the boost winding. The voltage on 
each of the two main windings will be nearly half phase 
voltage increased in the ratio of turns between the main 
and boost windings. If this ratio is 20, the voltage 
across each of the main windings will be rather less than 
10 times phase voltage. Fig. P shows the vector 
diagram of the voltages across the main windings. This 


condition may be relatively unimportant in low-voltage 
circuits, but may be serious on systems of 6 600 volts 
and above. If there is an external impedance in the 
lines the voltages across the main windings will be 
reduced. 

I should be glad if the author would tell me whether 
it has been found necessary to increase the insulation 
on the windings owing to the above possibility, and 
whether an insulation test higher than the British 
Standard value is applied to the windings of the regu¬ 
lator. 

This condition appears to be analogous to that known 
as the “ inverted neutral,” which may occur on a 3-phase 
system using an auto-transformer booster, unless pre¬ 
cautions are taken. 

The moving-coil type of regulator seems to have a 
rather high' internal impedance when the moving coil is 
in the position of zero boost, and in the case of the 
original design the impedance must have been very high. 
From the report of the London discussion* I see that 
special compensating windings were used to reduce this 
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impedance on the original design, but were found un¬ 
necessary on the new design. A rough calculation seems 
to show that, for corresponding magnetizing currents, 
the internal impedance of the new design, with the 
moving coil in the position of zero boost as in Fig. 1, 
is about 25 % of that of the old design. I should be 
glad if the author would tell me whether this is actually 
the case. 

At first sight, the principle of the moving-coil regulator 
might be thought to be only applicable to very small 
apparatus; the paper shows, however, that this is not 
the case, and that this type of regulator has a considerable 
field of application. 

Mr. C. A. M. Thornton: The moving-coil voltage 
regulator was, I believe, designed primarily for the 
electric supply industry, but it appears to me that its 
potentialities for industry in general are not yet fully 
utilized. 

The object of my contribution to the discussion is, by 
illustrating very briefly how the moving-coil voltage 
regulator solved one industrial problem, to encourage 
other industrial uses of this invention. I should like,* 
first, to emphasize the fact that with this regulator one 
can conveniently and economically obtain any desired 
voltage over a predetermined range at the outgoing 
terminals of the regulator, this voltage being only slightly 
affected by the current load, whatever, within reason, 
the constant supply voltage may be. For instance, with 
a supply voltage of 660 volts the secondary-voltage range 

* Journal I.E.E., 1938, vol. 83, p. 19 . 
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might equally easily be 0/220, 220/440, 440/770 volts or 
any other reasonable predetermined range. Over this 
range the voltage is infinitely variable. 

. The Particular industrial problem'in which I was 
interested was the control of electrical vibrators in a 
works having feeder cables up to | mile in length. This 
area was covered by a d.c. network only, and the sug¬ 
gestion of the suppliers of the vibrating gear was that 
local motor-alternators should be put down wherever an 
a.c. supply was required to feed a vibrator. 

. Tt is ne cessary to describe the problem in some detail 
m order to demonstrate how the moving-coil-regulator 
solution emerged. The vibrators consisted of laminated 
horseshoes, magnetized by a coil, and mounted on the 
stator” of the vibrating machinery, each with a 
laminated armature mounted on the vibrating “ deck ” 
"Stator” and "deck” were spring-connected to each 
other, and both so supported that there was a minimum 
of interference with the oscillation, while at the same 
time a minimum of vibration was transmitted to the 
framework of the building. The vibration produced by 
such an arrangement is very poor unless the natural 
resonant frequency of this mechanical system is nearly 
equal to the frequency of the magnetic impulses. 

It will be appreciated that once the mechanical system 
has been set up it is not easily varied, and therefore it 
is important that the frequency of the magnetic impulses 
should also remain constant. Now this is just what one 
cannot economically achieve with a number of small 
motor-alternators distributed over a far-flung d.c. net- 
woik supplying peaky loads. It therefore appeared 
essential that a central alternator should be installed 
and efforts concentrated on keeping its frequency con¬ 
stant. 

There are several ways of controlling the amplitude 
of vibration of the system I have described, but the 
most straightforward is simple variation of voltage at 
the terminals of the magnet coil. At first sight it might 
be thought that plain series regulation would be satis¬ 
factory and not unreasonably uneconomical, and where 
the alternator frequency is held rigidly constant this will 
sometimes be so. In this case .the expense of rigid 
control of alternator speed was considered unjustified, 
but apart from this a slow drift in the rigidity of en- 
castering of the spring or in the hardness of the spring 
material will alter the natural frequency of the mechani¬ 
cal system, and therefore alter the current load for a 
given vibration with constant supply frequency. In 
addition to this, the amount of the loose load on the 
\ ibi ating deck may alter the current load of the magnet 
coil considerably. Now it is important, if the best 
results are to be obtained from process workers, that a 
giv en regulator setting should always produce as nearly 
as possible the same control. 

The series regulator was therefore ruled out, and the 
choice appeared to lie between the moving-coil regulator 
and the induction regulator. A moment’s consideration 
will show that the natural power factor of the vibrator 
described will be low. Vibrations up to -Jq in. are 
generally required, and the air-gap in practice is not 
less than O’075 in. Under ideal conditions one cannot 
hope for a much better power factor than 30 %, and it 
was obvious that with a load like this it would be diffi- 
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cult to obtain constant voltage at the alternator ter¬ 
minals, let alone at the far end of the a.c. network. It 
was therefore decided to correct the power factor of each 
vibrator to unity, as closely as was reasonable, by con¬ 
necting a condenser across its terminals. For maximum 
economy it was therefore essential to supply the vibrators 
at the maximum convenient voltage. It was decided 
o keep the whole system a medium-voltage system 
without any transformation by generating at 660 volts 
(a.c.). The regulators controlling individual vibrators 
had therefore to be of the " all buck ” type, because 
higher voltages than 660 volts could not be permitted, 
and the standard design of condenser also was suitable 
for this voltage. It was this fact that ruled out the 
induction regulator on economical grounds, because in 
the size required the two types of regulator were only 
comparable in cost if the inherent equal boost and buck 
of the induction regulator could be used. 

A large number of moving-coil regulators have now 
been installed for the above purpose, and have worked 
very satisfactorily for several years. These regulators 
have worked satisfactorily both when controlling ordin¬ 
ary alternating current and when controlling alternating 
voltage with a rectified current load, the current being 
rectified to halve the frequency of the magnetic impulses 
that would otherwise have been obtained from the a.c. 
system. In this latter case condensers cannot be used 
across the coil terminals to unload the regulator. 

There is another industrial application of moving-coil 
regulators which appears to me to be promising, although 
I have not yet tried it out. This is the control of current 
to baths of molten semi-conducting material. Some¬ 
times the bath temperature may have to be kept con¬ 
stant with a constant amount of material in it, but with 
other factors varying. At other times a constant tem¬ 
perature may be required with varying depths of 
material. In either case an automatic moving-coil 
voltage regulator, the motor of which is energized in 
one direction or the other by high- and low-temperature 
contacts, would appear to be a solution having certain 
advantages (e.g. reliability) over other methods. 

Mr. A. W. Crompton: The numerous papers on 
voltage regulation which have appeared in the Journal 
and elsewhere are an indication of the complexity of the 
problems with which the subject is associated. Prior to 
the development of. the grid system as in 1925,* the 
range of voltage variation in any particular portion of 
an undertaking could be ascertained and adequate 
measures adopted. Present-day conditions, however, 
render essential on most undertakings the installation 
of regulators at carefully selected positions on the high- 
voltage system. The use, in addition, of numerous small 
regulators at individual network substations, or on low- 
voltage distributors, should not therefore be conceded 
unless more radical improvemefit of the general' condi¬ 
tions cannot be adopted because of exceptionally high 
expenditure having regard to the magnitude of the 
existing and future loads. Where regulators are em¬ 
ployed under such conditions, it is suggested that due 
regard should be paid to the relative time-lags of the 
local and main regulators, that of the former being pre- 


* See the discussion on a paper by Mr. L. H. A. Carr (“ The Use of Induction 
Regulators m Feeder Circuits,” Journal I.E.E., 1925, vol. 63, p. 864). 
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ferably longer. Owing, however, to the deleterious 
effect of high voltage on the life of lamps and other 
apparatus, the voltage should be reduced after a shorter 
time-interval than is occupied in raising the voltage. 

The reference in Section 6(e) to the voltage dis¬ 
turbance caused by intermittent loads, indicates the 
necessity for careful examination of the duties to be 


when high-speed operation is used. The time-delay 
relay mentioned in Fig. 23 is presumably used to 
obviate hunting, and it appears to me that if the author 
omits this relay he will have to replace it by some other- 
device; perhaps he will let us have details of this. 

Mr. W. Weston: Whilst it appears convenient to 
have the motor oil-immersed, is the transformer tank 


performed by plant connected to a low-voltage network. 
It is therefore very desirable that there should be greater 
collaboration between the various interests concerned, 
namely the consumer, the manufacturer, and the under¬ 
taking, before such plant is purchased. In many cases 
it may be found that the only satisfactory means whereby 
serious interference with the voltage may be avoided is 
by insisting on a type of drive which does not necessitate 
the frequent switching in and out of the motor, but 
employs a clutch or other device so that the motor is 
not disconnected. The only satisfactory solution in 
some cases is to provide the supply through the medium 
of a substation. 

Mr. P. Baxter : It seems to me that the application 
of the author's moving-coil regulator is limited to opera¬ 
tion at the ends of feeders rather than close to generating 
stations, or where high short-circuit currents are possible, 
because the construction of the regulator does not appear 
to be such as would withstand these severe conditions. 
This factor should be borne in mind if it is found neces¬ 
sary to install a regulator at a point where such condi¬ 
tions are possible. 

Mr. H. W. Hardern: The author said, in the course 
of his verbal summary of the paper, that the series 
reactance of the regulator varied in accordance with the 
reactance of the two fixed coils taken together in parallel. 
When the moving coil is at one end, the reactance of 
the two fixed coils will be in the ratio of 5 to 95, giving 
a, reactance of the two in parallel of rather less than 5 
(in arbitrary units); whereas when the moving coil is in 
the centre, each fixed coil will have a reactance of 50, 
and the two taken together in parallel will have a 
reactance of 25 in the same units. Is it correct to 
assume from this that the series reactance of the regu¬ 
lator varies in the ratio of 5 to 25 according to the 
position of the moving coil ? 

Mr. J. Troian: We have incorporated eight of the 
author s regulators in a meter-testing equipment which 
we have constructed—three for voltage control, of 
300 VA capacity; two for light-current control, of 300 VA 
capacity; two for heavy-current control, of 5 kVA 
capacity; and one 300-VA regulator for general work. 
We have found these regulators to give very smooth 
and definite control, and although we use the public 
suppiy mains for supplying the equipment the load is 
exceptionally steady. 

I should hke to mention a regulator developed in 
America which gives full automatic control without any 
relays—a similar sort of arrangement to the one using 
c o es, condensers, and transformers. The control range 
is from 95 volts to 125 volts. The output voltage is 
guaranteed not to vary more than 1 %, but unfortu¬ 
nately the output wave-shape is seriously distorted. 

T*/ A * H * Gra y: I should like to ask the author 
whether he finds it necessary to introduce any special 
anti-hunting feature in this control gear, particularly 


an ideal place for a motor, and is there not a danger of 
the motor induction disc sticking owing to the settle¬ 
ment of sludge in the oil, or of the bearings being 
affected by acid ? The motors are of comparatively low 
torque, and one would assume that a comparatively 
small obstruction would interfere with their working. 
It is true that this would not result in failure of supply, 
but it would interfere with regulation, i.e. the very 
purpose for which the apparatus is provided. Has there 
been sufficient experience with the apparatus to indicate 
that trouble of this kind is not likely to occur ? 

Mr. W. Fennell: I hope there will not be a wrong 
impression gained, either from the author or from some 
of the speakers in the discussion, as to the appropriate 
position for automatic voltage regulators of the type 
described in the paper. Obviously they cannot be used 
near the source, and I should like to issue a warning 
against their excessive use. I look upon automatic 
regulators as a convenient means for keeping down the 
number of complaints received from consumers until 


overloaded systems can be dealt with. Anyone who 
would lay out a system of distribution which required 
two or three regulators at different radii from the source, 
would provide no reserve on the conductors for large 
changes in load, and those changes are incalculable. 
The engineer should always put down the largest mains 
that the estimated demand will support, and then, if 
events show that he has made an under-estimate, he can 
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conveniently put the matter right. 

Mr. E. T. Norris (in reply ): Mr. Diggle suggests that 
if the transformation effect between the shunt and series 
windings of the regulator is ignored some of the 
technical characteristics are similar to those of an in¬ 
ductive potentiometer. This is true for the original 
sandwich construction shown in Fig. 14(a) of the paper, 
where the impedance between the fixed coils "a” and 
tf k j * s substantially equal to the sum of the impedances 
ac and be” for all positions of the moving coil. 
For the present construction, however, using concentric 
coils as shown in Fig. 14(6), this relation is not true. The 
reactances “ ac ” and “ be ” are not bound by the 
reactance " ab,” as explained in Appendix 1 of the paper, 
so that the regulator has not the limitations of an induc¬ 
tive potentiometer. This matter is referred to in more 
detail m the reply to Mr. Hardern. 

The effect of the air-gap magnetic circuit on mag¬ 
netizing current is dealt with on page 31 (vol. 83) of my 
reply to the London discussion. In practice the mag¬ 
netizing current is so low as to be of negligible importance, 
or example, in regulators for transmission and distri- 
u ion circuits actual values are well below those of 
the corresponding transformer. Since the magnetizing 
current does not depend upon the variable permeability 
ot non it can be accurately calculated for any given case 
an guarantees can be given within narrow limits! 
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Actual values for the rating quoted by Mr. Diggle would 
design h 0m l6SS than 1 0// ° upwarcIs ' depending upon the 

The voltage-regulation curve of Fig. 8 is of the same 
general shape for all positions of the moving coil, but may 
be higher or lower m value, depending upon the particular 
design. A 3-phase regulator consists of three separate 
single-phase units as shown in Fig. 17, but owing to the 
magnetic interaction between the phases the fourth yoke 
of each unit can be omitted as the 3-phase fluxes cancel 
out There is therefore a corresponding reduction in core 
material and losses. 

The desirable speed of operation depends so largely 
upon particular operating conditions that 1 it is not 
possible to advocate particular values. In general the 
operating times should be larger for regulators of wide 
range and for regulators of large capacity. For larger 
regulators single components of the load will be a small 
proportion of their total capacity and will not affect the 
voltage appreciably. Voltage variation therefore will 
not be erratic but will follow steadily the trend of load 
increases and decreases, so that longer times of operation 
are permissible. For many installations, values of 2-8 
minutes are quite satisfactory, but the limit in the other 
direction goes down to a few seconds or less, an extreme 
example being quoted in the paper, where the time taken 
to correct a sudden change in voltage of 4 % was reduced 
to less than 1 second. The use of as many as 8 or 10 
motors is exceptional, but I do not agree with Mr. Diggle 
that even in such,cases it is objectionable, as even though 
a contactor may be required the additional gearing and 
other complications shown in Fig. 23(a) are still elimi¬ 
nated. As an indication of recent developments in 
i egulator construction it may be stated that the regulator 
shown in Fig. 19 (Plate 1), to which Mr. Diggle refers, if 
designed to-day would only have 2 motors instead of 8, 
for the same operating speed. Referring to Fig. L, I 
would suggest that the reactance-and-condenser combina¬ 
tion acts as a voltage-regulating relay, since it is the 
voltage-sensitive device which initiates the operation of 
the regulator. The motor is apparently permanently 
energized and so arranged that a small variation in voltage 
in either direction results in sufficient change in energy 
consumption to operate the regulator. 

It seems to me that Mr. Kirby has expressed very 
cleaily the economic application of automatic voltage 
regulation. The addition of voltage regulators and 
static balancers as the load increases, as shown in Mr. 
Kirby's Fig. M, results in considerable saving in capital 
and gives the most economical supply. The Astatic 
voltage relay is a recent invention referred to only 
incidentally in the paper, but assists in the simplification 
of control gear illustrated in Fig. 23. Its main advantages 
are the elimination of all open contacts requiring cleaning 
and adjustment, and the absence of control springs and 
hold-on devices as described by Mr. Shacldeton. The 
need for independent automatic control of each phase, 
described by Mr. Kirby, depends upon the degree of 
unbalanced load. Where unbalanced loads are likely, 
static balancers should be installed. The combination of 
a standard 3-phase regulator having common mechanical 
operation of all three phases with static balancers will deal 
satisfactorily with the majority of ordinary distribution 


VOLTAGE REGULATOR” 


139 


loads. In cases where the degree of unbalance is too great 
for this arrangement, independently operated single¬ 
phase regulators will be required, as suggested by Mr. 
Kirby. Standard constructions have been developed in 
which all three units are combined in one feeder-pillar or 
pole-mounting case. 

I agree with Mr. Shacldeton that the smooth voltage 
variation given by the moving-coil regulator is not 
usually an important advantage, as tapping steps are 
seldom large enough to be objectionable; but the neces¬ 
sity for operating tap-changing gear in definite steps and 
ensuring that stopping in an intermediate position is 
impossible, complicates the control mechanism. The 
elimination of contact maintenance is also a very im¬ 
portant point, as Mr. Shacldeton suggests. He reinforces 
from operating experience the arguments given in the 
paper for automatic operation of all regulators on distri¬ 
bution circuits. The simplicity and reliability of auto¬ 
matic control is now such that there need be no hesitation 
in adopting automatic control throughout a distribution 
network. The noise emitted by the operating mechanism 
of the regulator is negligible, as the whole of the gear is 
oil-immersed in the regulator tank, and involves no high 
rotating speed or reciprocating movements. 

The statement on page 13 (vol. 83) that the installation 
of regulators along the distributor permits loads and 
feeder lengths which would otherwise result in voltage- 
drops four to five times as great, is well illustrated by Mr. 
Kirby s Fig. M. If the dotted-line curve giving the 
voltages without regulators is redrawn, starting from- 
240 volts at the substation to represent a regulator at the 
substation, it will be seen that at the end of the 2 000-yard 
feeder the voltage-drop would be about 25 volts with a 
regulator installed in the substation, whereas it does not 
exceed 5 volts anywhere with the regulators installed 
along the feeder. Moreover, the diagram shows that the 
feeder can be extended considerably beyond the 2 000- 
yard length with satisfactory voltage regulation, giving 
an even more favourable comparison. Voltage " kicks ” 
due to intermittently operated motors are a diffi cult 
problem in distribution networks, and it is fortunate that 
they are rarely serious enough to cause trouble. I would 
suggest that the voltage fluctuations are not really as 
bad as Fig. N indicates; they were due partly to over-run 
of the recording pen. Consider, for example, the kick 
at 4.40 p.m. The part of the kick above the voltage line 
will be due to over-run of the pointer when the motor 
stops. This amounts to 4 volts. The same pen-inertia 
would cause 4 volts over-run at the bottom of the kick, 
so that it may be deduced that the actual voltage lack is 
only 9 volts and not 17 volts, as is apparently indicated. 
However, even 9 volts may be objectionable. A voltage 
regulator will not, of course, remove these kicks, as no 
regulator is instantaneous in operation. 

Mr. Hansell’s remarks on the short-circuit tests are 
answered on page 31 (vol. 83) of my reply to the London 
discussion. The regulator windings consist usually of 
single helical or multi-layer coils, which are inherently of 
great mechanical strength. The basic formula for mag¬ 
netic forces is the same for regulator windings as for 
ordinary transformers, as Mr. Hansell suggests, but the 
actual values are relatively low for the moving-coil 
regulator, due to the dLfds values and the neutralization 
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described in Section 4(d) of the paper. This matter is 
discussed further in the reply to Mr. Baxter. 

Mr. Hansell refers to the possibility of excessive 
voltages in the regulator winding when a short-circuit 
occurs on the output side, giving conditions similar to 
neutral inversion on a 3-phase system. Fig. P is at first 
sight somewhat alarming, as it indicates excess voltages 
approaching infinity for small values of boost. The argu¬ 
ment is, however, technically correct only for a dead 
short-circuit and where there is no external impedance in 
the supply circuit. Actually, due to the low impedance 
of the regulator, a relatively small impedance in the 
supply circuit greatly reduces the value of excess voltage. 
For example, in the case described by Mr. Hansell where 
the voltage appears rather less than 10 times the phase 
voltage (a typical value is 8 - 5 times), a reactance of only 
2 % in the supply circuit will reduce this value to 1 • 8 
times, which as a transient over-voltage is not at all 
dangerous. Under conditions where the excess voltage 
would theoretically be higher the effect of external im¬ 
pedance is even greater. Since regulators are usually 
installed to deal with voltage variations which are caused 
largely by the supply impedances, excess voltages of this 
nature are not large enough to need consideration. In 
the case of a large regulator for relatively high voltage 
and connected close to a generating station where the 
supply impedance is below the small value necessary for 
safety, special consideration would be given to the design 
and insulation of the regulator. No instance has yet 
occurred in practice where this consideration was 
necessary. 

The original design of regulator shown in Fig. 14(a) of 
the paper involved higher impedance in the middle posi¬ 
tion than in the end positions of the moving coil. The 
special compensating windings were devised to reduce 
this impedance in the middle position, but were never 
actually used even on the original design. Mr. Hansell's 
value of the relative impedances for the two types is 
typically correct. 

Mr. Thornton gives an interesting description of the 
application of the regulator to the control of a manu¬ 
facturing process. Modem manufacturing methods have 
tended towards the use of automatic operation to save 
labour. Many of these processes and treatments may be 
electrically controlled, and voltage regulators are in in¬ 
creasing use for automatically controlling power con¬ 
sumption, temperature cycles in heat treatment processes, 
and many electro-chemical characteristics. 

In reply to Mr. Crompton, regulators installed in a high- 
voltage system can control satisfactorily voltage varia¬ 
tions up to the distribution substations, but are limited 
in the control of voltage-drops occurring nearer to the 
consumer. These can onfy be handled by regulators in a 
distribution network. 

In reply to Mr. Baxter, Section 6(a) of the paper shows 
both from theory and from full-scale tests that the 
moving-coil regulator is mechanically short-circuit proof. 
Tests were carried out on a standard distribution regu¬ 
lator and were so planned that the short-circuit currents 
were larger than could possibly occur under operating 
conditions, even with a power supply of infinite capacity. 
These conditions are considerably worse than those 
postulated by Mr. Baxter. A further proof that the 


mechanical forces are relatively low is that the largest 
sizes of regulator, as illustrated in Fig. 19, can be operated 
by induction-disc motors of the type employed for driving 
gramophones. In actual service a number of cases have 
been reported of severe short-circuits on large regulators, 
with satisfactory results. One such instance, involving 
a regulator of 2 000 kVA, is described by Mr. Peace in 
the discussion at Leeds (vol. 83, page 29). 

The reactance relationship deduced by Mr. Hardern 
would be correct for the original type of regulator shown 
in Fig. 14(a) of the paper, where the reactance between the 
two fixed coils is always approximately the sum of the 
reactance between each fixed coil and the moving coil. 
For the present construction of regulator using concentric 
coils, as shown in Fig. 14(6), this limitation does not apply, 
as explained in reply to Mr. Diggle. In the middle 
position, for example, the reactances “ ac ” and " be " 
are each appreciably less than half of the reactance " ab.” 
The resulting regulator reactance is therefore much lower, 
as suggested by Mr. Hansell. 

The regulator described by Mr. Troian is apparently 




Fig. 0- —Diagram showing the mechanical action of the 
Astatic voltage relay. 


one of the saturated-choke type referred to in the fourth 
paragraph of Section (2) of the paper. 

In reply to Mr. Gray, the time-delay relay shown in 
Fig. 23(a) is used partly to obviate hunting but mainly to 
restrict frequency of operation, so as to reduce wear of 
motor contactors and tapping-switch contacts. An anti¬ 
hunting feature is inherent in the construction of the 
Astatic voltage relay, providing the automatic operation. 

The mechanical action of the relay is shown diagram- 
matically in Fig. Q, where diagram (a) shows the normal 
balanced, position, and diagram ( b) the operating position 
for lowering the voltage. Because of the meniscus action 
of the mercury the tilting angle for opening the circuit 
when the relay resets is considerably less than the tilting 
angle for making the circuit, as in diagram ( b ). This 
difference between the angles of make and break is, of 
course, an inherent characteristic of a mercury switch 
and not only results in corrections of voltage variations 
to values .well within the sensitivity range but gives-the 
anti-hunting protection referred to by Mr. Gray!! 

Mr. Fennell, by looking upon “ automatic regulators as 
a convenient means for keeping down the number of 
complaints," is considering only one application of 
regulators, and that of relatively minor importance. The 
principal use of automatic regulation is to increase 
revenue* and to reduce capital expenditure on cables. 


Loads ’ due t0 
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lin es cind substations.* This application -is well 
described m Mr. Kirby’s remarks, whilst the economics 
are dealt with later in my reply to Mr Beckett 
The excessive use of anything is,' of course, to be 
deplored, but the use of automatic regulators in this 
country, though spreading rapidly, is still so far from its 
efficient limit that there is as yet little danger of excessive 
use. With regard to the last sentence of Mr Fennell’s 
remarks I would suggest putting down the smallest 
mams the estimated demand in the near future will 
require—making economic use of automatic voltane 
i egulators initially, if the growth of load is likely to be 
small Then (a) the load is not so likely to fall short of 
the estimate, as m Mr. Fennell’s case, and if it does the 
waste of capital will not be so great; (6) if the load 
evelops m accordance with the estimate the distribution 
costs will be low; (c) if and when the load exceeds the 
initial estimate the growth can be met by installing one 


141 

and subsequently two, regulators, as Mr. Kirby suggests 
and as illustrated in Fig. M. This layout gives the 

u°itiml£r Slble T^° f distribution >‘ W if the load should 
addition J ! XC ! ed the ran £ e of economic regulator control. 

When thP i e ^ erS ° r Substations wiu then be required. 

load “grease is large enough for this change 

' f + W1 ^ justify the additional expenditure whilst 

willha a n Sinldng ' fund costs on the additional capital 
1 have been saved. The automatic voltage regulators 

^ h l Cksh0uld b ; of standard rating, will then be removed 
and can be used elsewhere. 

form? 7 t0 Mr ‘ Weston ’ it: has been common practice 
many years to immerse on-load tap-changing gear- 

no ef H iT mechanisms in °ii> and experience has shown 
ha vp ? eten ° US effec ts. Moving-coil regulator motors 
have been examined after 7 years in service and have 

Weston 110 S ^ n tkC P benomena mentioned by Mr. 
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Mr. D. R. Beckett [communicated ): Quite early in his 
introductory remarks, the author stated that the voltage 
regulator was a cheaper alternative to the crude method of 
improving voltage regulation by laying additional copper 
Crude it may be, but it has the merit of reducing losses' 
whereas the installation of voltage regulators increases 
them. When comparing the financial merits of the two 
systems, therefore, the difference in annual cost between 
the reduced losses of the additional copper and the in¬ 
creased losses due to the regulator should be worked out 
and this figure should be capitalized and added to the 
initial cost of the latter in order to arrive at a true com¬ 
parison. Such a comparison may not always be favour¬ 
able to the regulator. 

From this point of view the lack of any information in 
the paper as to the magnitude of the losses is to be de¬ 
plored. Whilst I appreciate that losses can vary in¬ 
versely with capital cost, as in the case of transformers, 
it still appears to me that a basis can be found for com¬ 
parison. For every size of transformer to work on a 
given load factor, the member firms of the Transformer 
Makers’ Association have a standard value of iron loss 
and of copper loss, on which basis they all quote. Alter¬ 
native quotations are also frequently given for trans¬ 
formers with reduced losses, at higher prices. Similarly, 
no doubt the author's firm have standard losses for each 
size of moving-coil regulator, which they put forward 
m the absence of any specific demand for lower losses 
by the prospective purchaser. I therefore ask the author 
how the standard iron loss and copper loss of a moving- 
coil regulator for a given through-put compare with the 
l.M.A. standard iron loss and copper loss of a trans¬ 
former of the same kVA rating, designed to be used at 
th« same load factor. 

When comparing the moving-coil regulator with the 
induction regulator, the author stated that the former 
had very much lower mechanical forces on account of its 
much™ larger air-gap, this being due to the fact that 
electromagnetic force is proportional to dx/ds, where 
x ~ reactance and s = air-gap. I would point out that 
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of eduction regulator remains constant, 
so that his formula appears to be inapplicable, and in fact 
something of a red herring drawn across the trail. 

In Section 3(6) the author states that Type A mo vino-, 
coi regulators are used as an alternative to chokes or 
preventive auto-transformers with on-load tap-changinn 
gear. Surely a great reduction in both capital and main¬ 
tenance costs would ensue if the moving-coil regulator 
were manufactured as an integral part of the transformer 
m substitution for the on-load tap-changing gear, having 
regard to Section 6(d) and Fig. 23. Figs. 2 and 5 appear 
to refer to some such arrangement, yet the author makes 
no reference to the constructional details of such trans- 
ormers, neither does one see them mentioned in the 
echnical Press. It would appear, therefore, that some 
obstacle has prevented the successful exploitation of this 
idea. I should like the author to state the nature of the 
obstacle and whether it is being overcome or seems likely 
to remain insuperable. 

Mr. E. T. Norris (in reply ): I agree with Mr. Beckett 
that m making comparisons between automatic voltage 
regulators and cables of larger section the losses of the 
regulator and the difference in cable losses should be 
capitalized as he suggests. I do not, however, think that 
such capitalization will ever affect the conclusion that 
automatic regulators will be the more economical. This 
is largely due to the relative costs of regulators and of 
cables or overhead lines in a distribution network. The 
proportions are illustrated in Figs. R and S, which are 
for overhead and underground systems respectively and 
are based on information given in authoritative Institu¬ 
tion papers.* The cost of voltage regulators is com¬ 
parable with the cost of transformers, so it is obvious 
from Figs. R and S that this cost is very small compared 
with the cost of lines and feeders. From these figures it 
would appear that automatic voltage regulators could.be 
installed throughout a distribution system for an extra 
cost of less than 1 per cent of the total cost of-the supply, 
this increase taking no account of the advantages of 

A™ to ? ,C S. 
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automatic voltage regulation or the savings effected in 
cables and lines. A typical practical example may be 
quoted from a paper by Mr. A. C. McQueen ( E.P.E.A . 
Journal , November, 1936):—• 

' * L.T. distribution in a city area: On a 4-core 0 • 6 sq. in. 
feeder 300 yards in length, carrying 75 % full load, the 
voltage drop at the feeding point would be approximately 
13 volts between phases. An expenditure of £800 on 
l.t. cables would only reduce this, drop to 6*5 volts, 
whereas a compounded regulator costing £200 would 
not only entirely eliminate the voltage drop on the 
feeder, but could be arranged to compensate for part 
of the pressure drop on the distribution as the load 
increased.” 

If a voltage regulator were installed to give the same 
voltage improvement as the extra cable section the total 
capitalized cost based on the grid tariff for bulk supply 
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Fig. R.—Capital cost of overhead-line rural distri¬ 
bution system. 

and on normal distribution conditions would bring the 
regulator price up to £250—£300, in comparison with £800 
for the l.t. cables. 

The cost and efficiency of the moving-coil regulator in 
comparison with other types of voltage regulator is dealt 
with fully in the first five paragraphs of my reply to the 
London discussion (vol. 83, page 30). The particular 
comparison asked for by Mr. Beckett is complicated by 
the fact that the cost and losses of a voltage regulator are 
not merely a function of its through-put kVA, but depend 
upon the range of voltage variation and also upon the 
relative proportions of buck and boost. It is, however, 
possible to say that for distribution conditions the losses 
in the regulator are appreciably less than in a standard 
transformer. The voltage regulator is, in effect, an auto- 
transfo'rmer, with similar reduction in losses due to the 
auto-connection. For this reason the regulator losses are 
in general of negligible importance. In any particular 


case, of course, guarantees of both load and no-load 
losses can be obtained, as for other apparatus. 

The relation between electromagnetic forces and dx/ds 
is given in my reply to the London discussion, on page 31 
of vol. 83. This fundamental relation is the basis of 
formulae for calculating the electromagnetic forces in 
transformer windings and circuit-breakers, and on bus¬ 
bars in a static condition.* It is equally applicable to the 
air-gap of an induction regulator, so that the red herring 
suggested by Mr. Beckett does not metaphorically exist. 

The Type E moving-coil regulator has been used for 
the purpose described in Section 3(&) of the paper. It 
increases the total cost of the on-load tap-changing gear, 
as the regulator is more expensive than the choke coil 
it replaces, and necessitates additional motion in the 
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Fig. S.—Capital cost of underground-cable urban 
distribution system. 

mechanical operation. The advantage of smooth voltage 
variation is not usually important in supply circuits, 
whilst the reduced wear and tear of the switches depends 
largely upon the current rating, the size of transformer, 
and the frequency of operation. For large units where 
automatic control involves frequent operation the Type E 
regulator would seem desirable. 

The use of the Type A moving-coil voltage regulator 
instead of on-load tap-changing gear, as shown in Fig. 2 
of the paper, is quite practicable and is frequently 
employed. The total losses will be somewhat increased 
owing to the regulator, but it has the advantages 
described by Mr. Beckett. The automatic control is 
simplified, as described in Section 6(d) of the papei, 
and no periodical shutting-down for cleaning and renewal 

of switch contacts is required. 

* See T E Clem: “Mechanical Forces in Transformers,” Transactions: 
A.I.E.E.,1Q21, vol. 46, p. 677; also H. B. Dwight: “.Mechanical Forces on 
Busbars,” ibid ti 1920, vol. 39, p. 1337. 
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INTERPRETATION OF “SINGLE-LOOP” OSCILLOGRAMS* 
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SUMMARY 

This paper deals with the interpretation of a type of oscillo¬ 
gram which may be obtained in the short-circuit testing of 
high-speed circuit-breakers. It describes two alternative 
methods for determining the alternating component of the 
short-circuit current when interruption occurs at a first zero- 
current after commencement. Under such circumstances the 
oscillogram shows only one current “ loop ” for the phase or 
phases concerned, and the usual simple method cannot be 
used. Some method, such as those described in the paper, is 
desirable for the purpose of framing standard specifications 
for the testing of high-speed circuit-breakers. 


With the development of high-speed oil circuit-breakers 
capable, in a make-break shot, of interrupting the short- 
circuit current at a first-zero value, a method is needed for 
estimating, from the relevant oscillograms, the value of 
the alternating component of the current interrupted by 
the breaker. The alternating component, is usually 
estimated by measuring the ordinate between the en¬ 
velopes of the positive and negative peaks; this ordinate, 
of course, gives the double amplitude of the component 
in question. If, however, the current has been inter¬ 
rupted at a first-zero in one phase, the envelopes cannot 
be drawn, either for that phase or for any other phase, 
since the current waves in the other two phases will have 
been distorted from their “ balanced three-phase form ” 
by the interruption in the first phase. 

Under these circumstances some other method is 
required for estimating the value of the alternating com¬ 
ponent of the Qurrent; and it is the object of this article 
to discuss two methods which are available for the pur¬ 
pose. The mathematical analysis on which they are 
based is given in an appendix. A description of the two 
methods is given, and this is followed by some examples 
which serve as illustrations and at the same time indicate 
the accuracy obtainable. Since the first of the two 
methods is based on the use of the curves shown in Fig. 1, 
full data for re-plotting the curves to a larger scale, if 
desired, are given in Table 1. The method used for 
calculating the, quantities given in Table 1 is illustrated 
in Table 2. The oscillograms used in the examples are 
reproduced in Figs. 2, 3, and 4. 

METHOD No. 1 

This method can be applied to a single-phase oscillo¬ 
gram, or, in the case of a three-phase oscillogram, it can 
be applied to each phase independently. It is based on a 

* The Papers Committee invite written communications, for consideration 
with a view to publication, on papers published in the Journal without being 
read at a meeting. Communications (except those from abroad) should reach 
the Secretary of The Institution not later than one month after publication of 
the paper to which they relate, 
t Metropolitan-Vickers Electrical Company, Ltd. 
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measurement of the time-interval between the inception 
of the short-circuit and the first subsequent current-zero, 
and also on a measurement of the intervening peak value. 
It is, in addition, necessary to know beforehand the power 
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Values of IJI for Various Values of r and k 
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1- 

000 

1 

■000 

1 

000 


factor of the test circuit; this will, in general, he known 
to the test engineers from previous records. The time- 
interval in question is denoted by ttt, that is to say r 
denotes its ratio to the half-cycle. The peak value of 
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Note.—T he values in col. 17 = 1/(1 — col. 15 -f col. 16). 
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the total current during the first half-cycle is denoted by 
I, and the amplitude of the alternating component, at 
the time this peak is reached, is denoted by I a . Then the 
ratio I a /I can be found from the curves in Fig. 1 (see 
Plate 1, facing page 144). 

It will be seen that Fig. 1 shows a group of curves, six 
in all, each one of which corresponds to a certain value of 
a quantity re, which is defined in the Appendix. For 
practical purposes k may be taken as the power factor of 
the circuit diminished by 7 ■ 5 % of its value; it is, in fact, 
the difference between two other quantities, denoted by 7c 
and h respectively, which define the decrement-factors 
for the direct and alternating components. The quantity 
7c is, to many engineers, more familiar as " tan 8,” so that 
the power factor is hfs/[l + 7c 2 ]. The quantity h defines 
the decrement in the alternating component and, in the 
test-plant oscillograms studied by the author, it is 
throughout of the order of 0 • 17c. The use of an approxi¬ 
mate value of ic, in the assumption that it is equal to the 
power factor less 7 • 5 %, will not produce an error exceed¬ 
ing 2-5 % in the deduced value of I a , provided h is not 
less than 0 • 057c or greater than 0 • 27c. 

There are a few points which should be noted in con¬ 
nection with this group of curves. All the curves inter¬ 
sect in the point r = 1, I a fl = 1; because, when the time- 
intercept is equal to one half-cycle, there is no asymmetry, 
and I a is equal to I for all values of 7c. 

For values of r less than unity, only two curves are 
shown, viz. those for k — 0 and k = 0 • 3. As maybe seen 
from Table 1, the values of IJI, for such values of r, vary 
very little with /c, so that these two curves give as much 
as is required for a reasonably accurate interpolation. 

For values of r exceeding 1 • 2, curves are shown corre¬ 
sponding to the values 0, 0-06, 0-12, 0-18, 0*24, and 0*30 
of the quantity k. It will be seen that the curve for 
K — 0 extends up to the line r — 2, but that the remain¬ 
ing curves are shown dotted for the larger values of k. 
It is theoretically possible, with zero power factor and full 
asymmetry, for the time-intercept to have the maximum 
value of two half-cycles; this explains why the curve for 
k --- 0 extends up to the line r — 2. When the power 
factor is not zero, the value of r for a first-zero must be 
less than 2, and the dotted portions of the curves refer to 
“ second-zeros.” They are included because they may 
be of use in cases where the first-zero is too close to zero¬ 
time to be used with accuracy. 

METHOD No. 2 

This method is applicable only to the oscillogram of a 
three-phase short-circuit, and depends upon a measure¬ 
ment of the first peak value of the total current in each 
of the three phases. As in the case of the method pre¬ 
viously described, it involves also a knowledge of the 
p^jpwer factor of the circuit. It has the disadvantage that, 
if the amplitude of the alternating component is not the 
same in all three phases, its accuracy is liable to be 
affected. 

To use the method it is first of all necessary to number 
the phases in the order in which the three peak values 
occur; that is to say, the phase in which the peak value 
is reached at the earliest time is numbered ‘ one, and 
so on. This numbering having been carried out, let I v 
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and J 3 denote the peak values in the three phases so 
numbered, and let I a denote the alternating component 
at the time when the peak I 2 is reached. Then 

! a = 4 +i 2 + i s + — (J 3 — 4 ) 

It is important to note that 4 + I % + I 3 is the algebraic 
sum of the three currents; I % is always of opposite sign to 
Jjl and J 3 , whilst J 3 is always greater than l v if the number¬ 
ing has been correctly carried out. If p be the power 
factor, Jc = p/V[ 1 — P 2 ]> and for low power factors 7c is 
sensibly equal top. With high power factors the formula 
is liable to give slightly too high a value of I a ; by taking 7c 
equal to p for all power factors not exceeding 0 • 3 this 
liability is partially corrected. 

EXAMPLES 

In order that the values of I a , given by these two 
methods, may be checked against values obtained by the 
usual method, oscillograms showing several current loops 
are used in these examples. The three oscillograms con¬ 
cerned are reproduced in Figs. 2, 3, and 4 (Plates 2, 3, 
and 4 respectively), and the scale measurements are 
shown thereon. Since the measurements were made 
on photostats of prints, it is possible that their accuracy 
has suffered in consequence; in any case they do not 
correspond to the scale reproduced on each oscillo¬ 
gram. Furthermore, in order that Method 2 should 
be applicable, they have been increased where neces¬ 
sary to correspond to the “current scale”; this also 
is indicated, where relevant, on each reproduced oscillo¬ 
gram. For example, all current measurements in the 
“ red ” phase on Fig. 2 have been increased in the ratio 
of 2 140 to 2 100, these figures representing the current 
scale (amp./mm.) for the red and yellow phases 
respectively. 

The “ zero-current ” trace, and all horizontal current 
traces, have an appreciable width; measurements have, 
therefore, been taken to the lower edge of each trace; 
but in the case of the intercept ttt the measurement has, 
in all cases, been taken along the centre of the width of 
the zero-current trace. 

There is one measurement whose accuracy presents 
some difficulty. This is the measurement taken from 
the phase-to-phase voltage trace at the top of each oscillo¬ 
gram, giving the scale of the half-cycle or rr in m i l li metres. 
The trouble is due to the fact that the short-circuit 
current slows up the generator and the frequency drops. 
This effect is, of course, most evident in tests where the 
MVA is high; thus in Fig. 4, which shows an oscillogram 
of a 1 500-MVA test, the scale of a half-cycle is 7 • 0 mm. 
before, and 8 • 0 mm. after, the test. In this case, since 
the short-circuit lasted for 5 half-cycles, a value of 
7 • 2 mm. has been taken, corresponding to the average 
value during the first full cycle. 

The application of Methods 1 and 2 to each of these 
three oscillograms is set out in tabular form in Examples 
Nos. 1, 2, and 3 on page 146. 

It should be noted that all current measurements are 
given in millimetres, scaled from the oscillograms; it is 
unnecessary, for the purpose of these examples, to con¬ 
vert the scale readings to amperes. 
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Example No. 1 (see Fig. 2, Plate 2) 

250 MVA at 6 • 6-kV ; 100% “Symmetrical-” Test 


U5 

1 a 

Phase 

R—No. 1 

Y—No. 3 

B —No. 2 


2I a 

mm 

mm 

36-1 

n a 

<D 

4 


m 

18-05 


T7T 

3 • 65 mm. 

11-7 

8-35 


7 T 

7-05 mm. 

7-05 


pH 

r 

0-518 

1-66 

1-18 

6 

& 

Power factor 

Found to be 0-081 approx. 

"O 

K 

Power factor less 7 • 5 % = 0-075 

rP 

J-i 

s 





Iall 

3*20 

0-557 

0-78 

I 

+ 6-0 

+ 33-0 

-22-5 


Ia 

19-2 

18-4 

17-6 


Discrepancy 

+ 6-7% 

+ 2-2% 

- 2-5% 


I, + 4 -f 4 

6-0 - 

22-5 + 33 : 

= 16-5 

CQ 

h 

0-081 



o 

7ctt/3 

0-085 



& 

4~4 

27 



, d 

km 




o 

£ 

I* <4 - 4) 

2-3 



3 

Ia 

18-8 




Discrepancy 

+ 4-5 % 




Example No. 2 (see Fig. 3, Plate 3) 

1 500 MVA at 33-kV; 10 % “ Symmetrical” Test 


CO 

cj <13 
§ & 

Phase 

R—No. 1 

Y—No. 3 

B—No. 2 

p O 

>a 15 

' 24 

30-2 

30-3 

32-0 

H P 

<D 

la 

15-1 

15-15 

16-0 


rm 

11-0* mm. 

9-2 

6-0 


7T 

5-7 mm. 

5-7 

5-7 


r 

1-93* 

1-61 

1-05 

r-i 





o 

£ 

Power factor 

Found to be approx. 0 

•04 

TS 

K 

Power factor less 7-5 % = 0-037 

9 





<D 

IJI 

0-61 

0-555 

0-927 


I 

2■8/25•8* 

+ 28-0 

- 16-9 


la 

15-7 

15-5 

15-7 


Discrepancy 

+ 4-0% 

+ 2-3% 

- 2-0% 


I-L + 4 + 4 

2-8 - 16 

•9 + 28-0 = 

= 13-9 


7c 

0-04 



* 

7ctt/3 

0-042 



£ 

4 — 4 

25-2 




ICTT , _ 




rS 

«P 

■j (4 - 4) 

1-06 




la 

14-96 




Discrepancy 

3 • 0 % lower than average from 



envelopes 



* These quantities refer to the second peak and second zero in the red phase, 
showing use of dotted portions of curves in Fig. 1. 


Example No. 3 (see Fig. 4, Plate 4) 

1 500 MVA at 33-kV ; 100 % “ Symmetrical ” Test 



Phase 

R—No. 1 

Y—No. 3 

B—No. 2 

•b ^ 

|> 

24 

33-5 

■SI 

33-0 

<D 

Ia 

16-75 

■El 

16-5 


rm 

3-9 mm. 

10-0 

7-8 


7T 

7 • 2 mm. 

7-2 

7-2 

pH 

r 

0-54 

1-39 

1*08 

o’ 

& 

Power factor 

Found to be 0 • 30 approx. 

T) 

K 

Power factor less 7-5 % = 0-28 

rP 









<D 

vd 

IJI 

2-80 

0-7.1 

0-90 


I 

+ 6-4 

+ 23-1 

- 18-0 


la 

17-9 

16-4 

16-2 


Discrepancy 

+ 7-2% 

- 3-7% 

- 2-0%. 


4 + 4 + 4 

6-4 - 18 

•0 + 23-1 = 

= 11-5 

(M 

k 

0-30 (being taken as equal to- 


power factor) 


6 

z 

7c7r/3 

0-314 



T3 

4-4 

16-7 



o 

rd 

4J 

03 

T (4 - 4) 

5-25 









la 

16-75 




Discrepancy 

Nil, compared with average from. 



envelopes 



From these examples it will be seen that the only 
“discrepancies ” exceeding 4 % in the use of Method 1 
were in connection with small minor loops, where the 
value of r cannot be scaled with sufficient precision 
to make an accurate result probable. In the case of 
Example No. 3 it is likely that the values of l a ob¬ 
tained by Method No. 1 are more reliable than those 
obtained from the envelopes; this is so because the 
envelopes have considerable curvature and are not very 
easily drawn with accuracy in the neighbourhood of the 
first current peak. 

A COMBINATION OF METHODS 1 AND 2 

It may be remarked that, even if there is no previous 
knowledge of the power factor, except that its value lies 
between 0 and 0 • 3, a value of I a accurate to within about 
5 % may be obtained from a three-phase “ single-loop ” 
oscillogram by a combination of Methods 1 and 2, pro¬ 
vided interruption does not occur in any phase until the 
first loop in phase No. 3 has been completed. 

This “ combination method ” relies on the fact thai*-* 
in phase No. 2,. the value of r lies, almost invariably, 1 
between 0-8 and 1-2, and cannot be far outside these 
limits. For such values of r the ratio IJI varies very 
little with k, so that, using the value k = 0 • 15 in Fig. 1, a 
first approximation to the value of I a may be obtained 
from phase No. 2. Now the formula of Method 2 gives 
the value of I a when 7c is known, and conversely it gives 
a very rough value of h when I a is known. When k is 
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small, the value so obtained may be very wide of the 
mark as a percentage, but the arithmetical difference 
between it and the true value will probably not greatly 
exceed 0 • 06. From this approximate value of ]c the 
corresponding value of K is obtained, and then, using 
Method 1, the value of l a in all these phases can be 
deduced. 

Using this combination of Methods 1 and 2 on the data 
of Example No. 1, the following result is obtained. 

r (phase No. 2) = 1-18 

I a jl (from Fig. 1, using K = 0-16) = 0*80 

1 = 22-5 

I a (1st approximation) = 18-0 

- fezr. „ 

Using formula of Method 2; 18-0= 16'6-1 o~27, 

7c = 0-063 

k = 0-063 X 0-925 = 0-049 

Using this revised value of k for a second approximation, 
r (phase No. 3) = 1-66 
JJI = 0-55 
I =33 

I a = 18-2 in yellow phase (No. 3) 

r (phase No. 2) = 1-18 
!«// = 0-785 
I = 22-5 

I a = 17-6 in blue phase (No. 2) 

Ignoring the red phase, where a small minor loop is 
involved, the average value of I a for the yellow and blue 
phases is 17 • 9, which may be compared with the average 
18-02 obtained from the envelopes. 


Accuracy 

Provided the generated voltage is free from harmonics, 
the formula on which Method 1 is based, and from which 
the curves in Fig. 1 are derived, has an accuracy exceeding 
that which is likely to be attained in scaling the values of 
I and t from the oscillogram. In practice, therefore, this 
method should give results whose accuracy is dependent 
only on the precision with which these quantities can be 
scaled. 

If the generated voltage contains harmonics which are 
not insignificant, the meaning of I a is ambiguous, and its 
• value, as determined from the ordinate between the 
envelopes of positive and'negative peaks, is likely to differ 
from its value as given by Method 1. Any such dis¬ 
crepancy, which is too great to be explained by lack of 
precision in scaling, is probably due to this cause. 

It is shown in the Appendix that the formula. of 
Method 2 has a tendency, at high power factors, to give 
# value of I a up to 5 % too high. The factors necessary 
to produce this maximum error will, however, seldom be 
present simultaneously. The inherent weakness of this 
method lies in the unavoidable assumption that the 
alternating component of the current has the same 
amplitude in all three phases. If this assumption is not 
approximately true in fact, the accuracy of the method 
suffers seriously, since it may not then give the average 
value of I a for the three phases. 


APPENDIX 

Notation 

E — peak value of phase volts. 
t = time interval, measured from commencement of 
short-circuit. The unit of time is taken, for 
convenience, as one half-cycle divided by tt. 
i s instantaneous value of total current (amp.) at 
time t. 

I — first peak value of total current, occurring at time 
t — T. 

I a = amplitude of alternating component at time t — r. 
I ao — amplitude of alternating component at time 
t= 0. 

t = time at which current reaches its first peak value. 
R — resistance of circuit (ohms). 

L — inductance of circuit. The unit of inductance is 
the henry divided by 2 tt times the frequency, so 
that L is also the reactance in ohms. 

7c — R[L — ratio of resistance to reactance. 

Z = impedance of circuit = + 7c 2 ]. 

e —Jet _ decrement-factor for direct component (as shown 
by analysis). 

6 -ht _ decrement-factor for alternating component, 
when t is small. (This is the definition of h.) 
k — h — h 

a = phase angle of voltage at time t = 0. 

= arc tan k. 

ttt — time at which current reaches its first zero value 
after commencement. 
d = — (a + fi ). 

In the foregoing notation, the decrement-factor for the 
alternating component, when t is small, is represented by 
g-ta. T his decrement-factor is, in fact, of the form 

1 + me~ hlt + 

1 -f m + n 

But 7ij and h z are very small quantities, so that, when 
t is small, the exponentials can be replaced by the first 
two terms of their expansions. It follows that, if 
h = (mTq + nh 2 )J[ 1 + m + n), e~ ht can be used to re¬ 
present the decrement-factor for the alternating com¬ 
ponent during the first cycle. 


Analysis 

The short-circuit current, at any time t after its com¬ 
mencement, is obtained by solving the differential 
equation:— 

L — Ri — Ee~ ht sin [t + a.) . . (1.0) 

dt 

Solving this equation by the usual method, it is found 
that 

i = l a(j ^e~ ht cos (f + a -f )3) — e~ kt cos {(/. + /?) j (1.1) 
E 

after replacing — —• 


Method 1. 

If I, the first peak value of i, and ttt, the time at which 
the current reaches its first zero value after commence- 


1 -j- 7c 2 p 

T+ 


7c 2 

k 2 J 


by I, 


a o 
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ment, can be obtained from an oscillogram, then using 
equation (1.1) it is possible to deduce the value of I a , 
provided the value of k, or h — h, is known. This is 
done as follows. 

It will be assumed that a -f )3, or — 9, has a range of 
values between 0 and — tt, as r varies from 0 to 2. With 
this convention, the first peak value of i is always positive, 
and it occurs near the time when t = 9. 

Since i — 0 when t = ttt, equation (1.1) gives 


and, to the same approximation, 

e~ KT cos 6 = e~ Kd cos 9 1 1 — K 2 e~ K ° cos 9 j (1.7) 

, Combining equations (1.3), (1.6), and (1.7), it follows 
that 

I — l a ^l — e~ Kd cos 9 -j- K 2 e~ 2ic6 cos 2 . (1.8) 

e —Kr7T _ c0 g rrr 

where tan 9 — -:- . . . (1.2) 

Sin TTT 


e ^ f7r cos (ttt — 9) — Q—krir CO s 9 = 0 

, , n e~ KTlT — cos rrr 

whence tan 6 = - . . . (1.2) 

sin rrr 

Again, when t = t, i = I, and I a (fi~ hT = I a > so that 

I ~ J a |cos (r — 9) — e~ KT cos 9^ . . (1.3) 

Since 9 can be found from equation (1.2), equation (1.3) 
will give the required value of I a as soon as r is known. 
Now r is the time at which i has a ma x i m um value, and 
it is not necessary to determine r with great precision in 
order to find an accurate value of this maximum; a small 
error in r will scarcely affect the derived maximum value 
of i, just because this value is a maximum. The follow- 
t n g' approximation has all the accuracy required when k 
does not exceed 0*3. 

Since di/dt — 0 when i is a maximum, differentiating 
equation (1.1) and putting t = r gives 

0— At sin (t — 9) — lce~ J:r cos 9 — he~ hr cos (r — 9) 
or, since k — Te — h, 

sin(r—0) = tee-™cosO + h{e- KT cos9 — cos(r-0)J. (1.4) 

Now h is small compared with k, and is smaller still 
compared with unity, so that, as an approximation, the 
second term on the right of equation (1.4) can be ignored. 
Furthermore, if k be not greater than 0-3, cubes and 
higher powers of k can also be ignored in comparison with 
unity. With these approximations, 

cos (r — (?) = y'fl — sin 2 (r — 9 )] 

= 1 — ^K 2 e~ 2Kr cos 2 9 . . (1.5) 

But equation (1.4) shows that t = 9 -j- k cos 9 when 
terms involving squares of k can be ignored, and the 
second term of (1.5) already contains the factor k 2 , so 
that, if /c 3 can be ignored compared with unity, (1.5) may 
be written 

cos (t — 9) = 1 — lK 2 e~ 2li6 cos 2 9 . . (1.6) 

Again, using the expansion of sin (t — 9) in powers of 
(t — 9), it is easily found from (1.4) that 

r — 9 = k&~ kt cos 9 + cos 3 9 + . . . 

or ACT = k9 -|- K 2 e~ KT cos 9 - f- . . . 

so that, ignoring cubes of k and higher powers, 
e" Kr = e~ Kd ^l — K 2 e~ KT cos 


Equations (1.8) and (1.2) enable the ratio I a jl to be 
calculated for any given values of k and r. This has been 
done for the values 0, 0 • 06, 0 • 12, 0 • 18, 0 ■ 24, and 0 • 30 of 
k, and for values of r between 0-4 and 2-0. Table 2 
shows the method used for these calculations in the case 
when k — 0-24, whilst Table 1 gives the full list of 
calculated values of I a /I. 

It may be remarked that the approximation used in 
equations (1.5) to (1.7) is, in fact, more accurate than 
appears at first sight. Equation (1.8) is still correct even 
if terms containing h, Me, and 7c 3 , are not ignored in 
comparison with unity. 

Method 2. 

This method may be used to determine the value of I a 
from the oscillogram of a three-phase short-circuit, on the 
assumption that the amplitude of the alternating com¬ 
ponent is the same in all three phases. It gives the vahie 
of I a in phase No. 2 as defined hereunder. To use the 
method it is necessary to know beforehand the power 
factor of the circuit, and the current must have reached 
its first peak value in all three phases before interruption 
occurs in any phase. 

In the following analysis it will be assumed that squares 
of h, Me, and fourth powers of 7c, can be ignored in com¬ 
parison with unity. If 7c does not exceed 0-315, these 
three quantities will be of the order of 0-001, 0-01, and 
0-01 respectively, or smaller. 

Let i v i 2 , and i 3 be the instantaneous values of the 
currents in the three phases, respectively, at any time t, 
and let I v I 2 , I s be the corresponding first peak values, 
the phases being numbered in the order in which the 
peaks occur; that is to say phase No. 1 is the phase in 
which the peak is reached at the earliest time. Then 
from equation (1.1), writing " - 9 ” for “ a + )9,” it is 
easily seen that 

h = I aJ^~ u cos (t - 9 + D - e ~ kt cos (9 - D j 
H — J ao{— e ~ M c °s {t - 9) + e~ M cos 9 } 
h = i«o|e- M cos (t - 9 - |) - e-^cos (9 + (2.1^ 

Next consider equation (1.8), and substitute I a (fi~ h0 
for J a , which is permissible if Me can be ignored compared 
with unity. Equation (1.8) may then be written 

1 ~ 4o{e- A * — cos 9 -f- , (2.2) 

where rj = |/c 2 e~ K » cos 2 9, and is a very small quantity. 
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Comparing equation (2.2) with equations (2.1), it 
follows that 

J x = j ao ^ e -h(e-,is) cos (d-^j +7^-^—/ 3 ) j 

4 = J ao{ - &~ M + *~ U cos 9 - 7] 2 e~ ,cB j 

Iq = J ao |e- A ( fl + 7r /3)_ e -W+n-/3) cos _|_^ 3 e-W +ir/3)| 

( 2 . 21 ) 

But cos (d — — cos 0 + cos (4 + yj) = ® 

whence 


J^-fer/3 _|_ J 2 + J 3e fer/S 

= J fl0 Ja~ Afl (e-« r / 3 — 1 -j- e K7r / 3 ) + %+%)} ( 2 -3) 

Again, if I a be the amplitude of the alternating com¬ 
ponent in phase No. 2, at the time when the peak J 2 is 
reached, I a may be substituted for I aQ e~ 7ll! ] and, to the 
same approximation, 

0 —KTr /3 I qKItJS __ g—for /3 _|_ qJcttJS 


Hence equation (2.3) becomes 


l ie -^/3 _j. J 2 + I 3 6^/3 = j a ^( e -^/3 _ 1 _|_ e ^/3) 

+ e~ lc6 {r] 1 — 77 2 + %)} . (2.31) 

where 


e -«e (77l _ t? 2 + % ) = |K 2 e _2K0 |e K7r/3 cos 2 (0 - |) 

— cos 2 $ + e —K7r / 3 cos 2 (•+8} 


and, if fourth powers of k can be ignored, this small term 
is equal to 

|/c 2 e“ 2K0 |(J - cos 20) -b y • ~ sin 20j 

Now 9 is close to the time at which the current in phase 
No. 2 reaches its first peak value, so that 6 cannot be 
much less than 7 t /3 or greater than 27r/3. If, therefore, 
k has a maximum value of 0 • 30, it is found that this 
small term varies from a little less than + 0-03, through 
0-031 as a maximum, to -f 0-01. Its rejection intro¬ 
duces a positive error into the value of I a which, with 
power factor 0-3, lies between 1 % and 3 %, and which 
with low power factors is quite insignificant. Rejecting 
it, equation (2.31) becomes 

I ie -*r/8 + I a + jr 3 e*W3 = I a (e-W* - 1 -(- 6^/3) (2.32) 


Substituting hyperbolic functions for the exponentials, 
I«( 2 cosh ~ - 1) = (4 + 4) cosh Y ^ 

+ (4 - 4) sinh y + 4 


Rearranging the terms and dividing throughout by 
cosh (/ctt/3), 

. Jctt 

4 — 4 + 4 + 4 + (4 ~' 4) t^nh — 

JCTT' 


(4 +4)(l - sech^) (2.33) 


Now from the second of equations (2.21), ignoring the 
small term, 

(4 + 4)/4 = e-^cos0 

and this varies from + 0-37 to — 0-27 as 9 varies from 
77/3 to 277 -/ 3 , still supposing that k has the maximum value 

of 0-30. With the same supposition (4 — sech 

— 0-05. Hence, with a power factor of 0 • 3, the last 
term in equation (2.33) has a range of values from 
approximately + 0-024 to — 0 -0144- Rejecting 
the last term, equation (2.33) becomes 

IcTT 

la — 4 + 4 + 4 + (4 “ 4) 't an k *7T • (2*4) 


In deriving equation (2.4), two small terms have been 
rejected. When the power factor equals 0-3, the first 
involves a positive error, in the value of I a , of not less 
than about 1-0 per cent or greater than about 3 • 0 per 
cent. The second involves an error, under the same cir¬ 
cumstances, which varies correspondingly from about 
— 1 • 4 to -f- 2 • 0 per cent. Both errors are insignificant 
at low power factors. It follows that, with 0-3 power 
factor, the value of I a , as given by equation (2.4), will 
have an error lying between — 0-4 and 4-5-0 per cent. 

For values of Jc not exceeding 0-315, tanh (7 ctt/ 3) is very 
nearly equal to 7 c 7 t/ 3 , and for practical purposes equation 
(2.4) may be written 

4 = 4 + 4 + 4 •+—g~(4 — 4) • - ( 2 -^i) 


If p be the power factor, Jc — p/-\/ [1 — j? 2 ]; so that, 
for small power factors, 7c is sensibly equal to p. For 
high power factors (not exceeding 0-3) 7c is slightly greater 
than p. If, however, 7c be taken as equal to p for all 
values of p, the small correction, so introduced, tends 
partially to counteract the tendency of the formula to 
give too high a value for I a at high power factors. 



DISCUSSION ON 

“PLASTICS AND ELECTRICAL INSULATION ”* 

TEES-SIDE SUB-CENTRE, AT MIDDLESBROUGH, 7TH DECEMBER, 1938 


Dr. P. D. Ritchie: It would be interesting to learn 
the views of the authors on two points—one of immediate 
practical interest, the other with a bearing which is at 
present rather academic but which may have practical 
developments. When a pure phenol-formaldehyde resin, 
free from filler, is maintained at its curing temperature, 
the condensation process results ideally in a progressive 
evolution of water vapour as the material passes from its 
original thermoplastic form to the cross-linked thermo- 
hardened form. The amount eliminated approaches a 
theoretical limit, presumably asymptotically, so that 
after infinite time no more water could possibly be 
evolved. In practice, of course, the resin is considered 
to be fully cured in a finite and relatively short time. 
Precisely what is meant by the term “ fully cured ” is 
open to discussion, though I suggest that it indicates to 
most people a material which, though it may contain a 
small proportion of un-reacted methylol groups which 
would have reacted with nuclear hydrogen on more pro¬ 
longed heating, will nevertheless remain permanently in 
this condition unless again raised to the curing tempera¬ 
ture. But are we, in fact, justified in assuming that such 
a system will be permanent, even if kept well below the 
curing temperature? Is it not at least theoretically 
possible that a phenolic resin which evolves 95 % of the 
maximum possible amount of water after a normal curing 
of, say, 10 minutes at 150° C., will slowly evolve the last 
5 % on keeping in service for, say, 10 years at tempera¬ 
tures fluctuating between room-temperature and 70° C. ? 

I have no positive information on this point, though I 
have recently found slight indications that such a process 
may go on under certain conditions. The question is 
obviously of great importance in high-grade insulation 
work, since the power factor depends upon, amongst 
other things, the presence of polar groups (such as the 
methylol group) in the molecule, or of polar molecules 
(such as water) in the mass. Any change in the amount 
thereof may cause a slow cumulative rise in power loss: 
and it seems to me that more definite information on 
this question would be a valuable addition to our 
knowledge. 

The next question concerns the development of power- 
factor maxima for certain plastics, when this quantity is 
plotted against temperature, over a range of frequencies. 
One well-known and typical case has already been dis¬ 
cussed more than once in the Journal .f Here, it was 
shown that for a certain mixture of chlorinated diphenyls, 
the power loss measured at any given frequency rises to a 
sharp maximum at a definite temperature, and that this 
maximum moves along the abscissa of increasing tem¬ 


perature as the frequency is increased. It thus happens 
that at power frequencies' and radio frequencies the 
power factor at room temperature is satisfactorily low, 
but rises to a higher value at the intermediate audio¬ 
frequencies. It is, then, obviously important to consider 
average working temperature and frequency in selecting a 
dielectric for any given purpose. Other cases of a similar 
type are known. On the other hand, however, the 
majority of the better-known plastics, such as the 
phenolic, urea, and acrylic resins, show merely a pro¬ 
gressive rise of power factor with temperature, with no 
sign of a maximum. To quote one example, the power 
factor of a commercial poly-methyl methacrylate (at 
800 cycles per sec.) rose smoothly from about 6 % at 
15° C. to about 28 % at 75° C. Is it, then, to be assumed 
that there is some fundamental difference between these 
two types of curve—the latter, showing no maximum, 
and corresponding to materials with large complex chain- 
or mesh-molecules; and the former, corresponding to 
smaller and simpler molecules, where there is a maximum 
power-loss between two minima, at one of which, on 
Debye’s • theory, orientation of the polar molecules is 
totally inhibited by high " apparent internal viscosity," 
whereas at the other this rather vaguely-defined para¬ 
meter is so reduced by the temperature-rise that prac¬ 
tically free orientation is possible ? Or is it more likely 
that all the curves a,re of the same type, but that to 
realize a maximum for the more complex plastics it 
would be necessary to follow the curve further into the 
extremes of temperature ? 

Two points in connection with specific plastics may be 
of interest in conclusion. Dr. Caress has mentioned that 
he is inclined to look for the greatest electrical progress 
in the thermoplastic rather than in the thermo-hardening 
materials, especially on the grounds that the former are 
more likely to display toughness and absence of brittle¬ 
ness. It is, however, worthy of note that one of the 
more repent thermoplastics, poly-N-vinyl-carbazole, while 
displaying very good dielectric properties and a remark¬ 
ably high softening-point, is nevertheless of a curiously 
brittle, flaky, and almost fibrous consistency when 
moulded. The other point is that although the authors 
state that the aniline-formaldehyde resins are non¬ 
tracking, the only specimen I have been able to examinif 
was quite readily tracked very badly. 

Mr. G. W. Nicholls: The general object of the authors 
in preparing their paper has been to discuss the properties 
which the electrical engineer considers necessary Tor a 
particular dielectric for any one specific purpose, and 
what the chemist is able to supply to meet his require¬ 
ments ; in other words, the relation between the molecular 
structure and the electrical properties of a plastic, with 


* Paper by Dr. L. Hartshorn and Messrs. N. J. L. Megson arid E. Rushton 
see vol. 83, p. 474). 

t See, for example, W. Jackson: Journal I.B.E., 193C, vol. 79, p. 572, Fig. 4. 
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particular reference to power factor and permittivity. 
The authors have very clearly illustrated and explained 
by models and chemical formulae the structure of the 
various plastics, and it seems that a possible solution of 
the problem of finding the dielectric with the required 
electrical and mechanical properties mentioned is to con¬ 
centrate on a product with a molecular structure inter¬ 
mediate between that of a straight-chain product and a 
cross-linked product. 

Unfortunately one of the biggest disadvantages of the 
thermo-plastic materials, so far as high-voltage work is 
concerned, is their low softening-point, and as quite a 
number of mouldings used at high voltages may have to 
withstand a temperature of approximately 80° C. without 
showing any sign of deformation it will be seen that the 
use of thermoplastics with softening temperatures vary¬ 
ing from 40° C. to 70° C. is limited in this direction. 

Amongst the softening-point values quoted in Table 2 
the value for cellulose acetate is given as 60° C., but the 
value quoted by Mr. A. R. Dunton and Dr. A. Caress* 
was 45° C. (Martens test). Is this difference due to the 
method of test adopted, or to varying amounts of 
plasticizers used ? 

Softening-temperature tests, which differ for each test¬ 
ing authority (such as British Electrical and Allied 
Industries Research Association, Verband Deutscher 
Elektrotechniker, and American Society for Testing 
Materials), ought to be brought more in line with one 
another so that the values quoted in literature, as far 


as the electrical engineer is concerned, are comparable. 
Usually, and particularly for urea-plastics, they are much 
in excess of what is regarded as the maximum safe 
operating temperatures. 

Hence softening temperature, so far as urea plastics are 
concerned, is no indication of the maximum safe working 
temperature, and I am of the opinion that the 100° C. 
quoted by the authors as the maximum temperature is 
excessive, particularly if the air is dry. 

There exists generally among chemists and engineers 
to-day great difference of opinion on the method of 
obtaining comparative values of softening temperatures 
of plastics, and it may be advisable to have a separate 
method of test for thermosetting and thermoplastic 
materials, inasmuch as the softening point of the latter 
appears to be of little significance when it is considered 
that some of them may flow when loaded even under 
ordinary atmospheric conditions. 

I notice that the authors distinguish thermoplastic 
materials from thermosetting materials by means of their 
softening temperatures, referring to one as the softening 
temperature and to the other as the maximum tem¬ 
perature, which I assume is the 'maximum safe working 
temperature. Had they the same idea in mind when 
classifying these materials in two groups, i.e. softening 
temperature and maximum temperature ? 

[The authors’ reply to this discussion will be found on 
page 154.] 


NORTH-EASTERN CENTRE, AT NEWCASTLE, 9th JANUARY, 1939 


Dr. P. D. Ritchie: Of the many possible lines of 
research indicated by the authors one of the most 
promising lies in the co-polymerization of two different 
polymerizable materials—that is to say, in the production 
of large chain- or cross-linked molecules whose component 
units are not all alike. The authors touch briefly upon 
this in their reference to Staudinger’s already classical 
work on the co-polymerization of styrene and divinyl 
benzene. It is satisfactory to note that this has been 
recently extended in this country by Norrish and Brook- 
man, who have given examples of the profound modifica¬ 
tion in physical properties brought about by cross-linking 
styrene, methyl methacrylate, and vinyl acetate, by a 
series of different divinyl compounds. . Other similar 
cases of co-polymerization are becoming increasingly fre¬ 
quent. The valuable properties of certain of the plastics 
known by the trade names Mipolam and Vinylite, for 
example, are attained by co-polymerizing vinyl acetate 
and vinyl chloride, which individually give well-known 
polymers, though here there is no cross-linking but mere y 
a rather random alternation of the two different group¬ 
ings along each chain. Further, to leave for the moment 
i tfie field of electrical insulation, the oil-resisting rubber¬ 
like Buna plastics winch have emanated from Germany 
in the past few years are made by co-polymerizing 
butadiene, which is itself closely akin to the unit group¬ 
ing of natural rubber, along with other modifying 
materials. Buna " S,” for example, is made by utilizing 
styrene as the co-polymer, and Perbunan by using 
acrylic nitrile: and in this way, by judicious choice of 
* Journal I.E.E., 1938, vol. 79, p. «3. 


co-polymers, new and valuable oil-resisting properties 
have been superimposed on the rubber-like properties of 
pure polymerized butadiene. Very recently too,, new 
plastics have been described in America, made in an 
unusual way by polymerizing indene, which by itself 
gives a thermoplastic polymer similar to polystyrene, 
along with phenol, thus inducing the property of com¬ 
patibility with cellulose plastics and opening up new 
possibilities in the paint and varnish industry. Many 
cases come to mind where the properties of two thermo¬ 
plastics could with advantage be combined if a suitable 
co-polymerization could be effected. For example, the 
German thermoplastic Luvican has an unusually hig 
softening point, but a rather brittle and flaky structure: 
whereas polyvinyl chloride has a tough and flexible con¬ 
sistency, but a low softening-point. By co-polymerizing 
the two corresponding monomers, a very valuable plastic 
might be obtained. Unfortunately, there is as yet no 
certain way of combining the good properties while 
suppressing the bad; nor can all theoretically possible 
co-polymerizations, be effected technically. But there is 
obviously a wide field here for chemical and electro¬ 
technical research; and it is significant to note that, m 
the above-mentioned work of Norrish and Brookman, 
it was found possible to correlate to some extent the 
properties of the final cross-linked plastic and the nature 
of the cross-linking compound, thus foreshadowing t e 
systematic building-up. of polymers conforming to a 
previously-decided specification. 

^ The authors seem to have shed some light on a some¬ 
what vexed question, namely the effect of residual un- 
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combined phenol in laminated insulating materials of the 
paper-cum-phenolic resin type, commonly known by that 
wholly regrettable but well-established term “ babelized 
paper.” It seems to be accepted nowadays as axiomatic 
that such free phenol must be reduced to the absolute 
minimum. It has never been quite clear to me that there 
was any experimental or statistical evidence to support 
this contention, though it is certainly reasonable to 
assume on theoretical grounds that strongly polar mole¬ 
cules like those of phenol will have an adverse effect on 
power factor. Phenol has a dipole moment only slightly 
lower than that of water itself, whose presence in a 
dielectric is universally accepted as being highly dele¬ 
terious. It is therefore striking to find that the authors 
observed only a negligible effect upon the power factor 
of phenolic-resin films when an intentional addition of 
2*5 % of phenol was made. If we may assume that this 
free phenol was still actually present after stoving, it will 
be seen that a laminated insulator containing 35 % of 
this phenolic resin as a binder would have an average free 
phenol content of about 0 • 8 %—a figure which, according 
to normally accepted views, would probably be regarded 
with a good deal of suspicion. 

Here, then, we have a certain confusion of evidence, 
which is not resolved when we consider the free-phenol 
content of a series of commercially available laminated 
insulators of this type, in relation to their dielectric 
properties. I have had an opportunity to consider a 
series of such figures, and it appears that a high free- 
phenol content is by no means necessarily accompanied 
by a high power-factor, although this is admittedly 
sometimes the case. These facts are brought forward, 
not with a view to discrediting current opinion on the 
matter, but rather to suggesting that the rumour, if 
rumour it be, should be either eliminated or fully sub¬ 
stantiated by further work on the free-phenol question. 

In conclusion, a word may be said on the new textiles, 
woven from glass fibres, which have recently appeared on 
the market. Glass, of course, is in virtue of its physical 
properties an almost perfect example of a thermoplastic: 
but it has perhaps been a little difficult to reconcile this 
brittle, fragile medium with the usual mental images 
suggested by the word " plastic.” Now, however, the 
silky and astonishingly flexible fibres of the new m aterial 
present glass in a form which makes it much more readily 
accepted as a member of the plastics family, and a 
member with an extremely promising future. 

Mr. G. H. Hickling : In the great majority of applica¬ 
tions of plastics as insulating materials, mechanical pro¬ 
perties are of first importance. This is undoubtedly 
true of the enormous variety of low-voltage electrical 
appliances which are now manufactured of moulded 
bakelite. 

In high-voltage work, where the dielectric properties of 
insulating materials become of predominant importance, 
pure plastics have as yet found few, if any, applications. 
They are, however, made use of extensively for the 
impregnation of other non-plastic insulators such as 
paper and mica. 

Mica alone is of little use for high-voltage insulation, 
owing. to its poor mechanical properties and to the 
necessity for building it up from relatively small pieces: 
it is therefore used in conjunction with a suitable plastic 


(or “ sticker ”) as micanite. Mica, besides possessing 
a high electric strength and excellent thermal proper¬ 
ties, has the added advantage of an extremely low 
power-factor. If, however, it is made up as micanite 
with an unsuitable high-loss varnish, this property is 
lost, and in consequence rapid heating occurs under a 
high electric stress, resulting in breakdown due to 
thermal instability. 

It will be seen, therefore, that whilst the electric 
strength of the varnish in micanite need not be very 
high—only sufficient to prevent tracking between the 
mica flakes—its power factor is of first importance. Now 
that plastics such as polystyrene, having power factors 
as low as 0 • 0004 combined with excellent electric 
strength, are becoming available, therefore (though this 
particular material appears unfortunately to suffer from 
a rather low softening temperature), we may anticipate 
a very great improvement in the composite insulating 
materials of which micanite and bakelized paper are 
the most important representatives. Possibly, too, the 
application of moulded products to high-voltage work 
may be an important field of development in the near 
future. 

Mr. W. A. Cook: Phenol-formaldehyde laminated 
products under the name “ bakelized paper ” are well 
known to the transformer and switchgear designer, and 
have become of great importance. The designers and 
the users of bakelized-paper insulators are, however, con¬ 
tinually faced with the problem of sacrificing some of the 
properties for the sake of others. It is possible to make 
grades of bakelized paper having extremely good 
mechanical properties and extremely high resistance to 
moisture; it is also possible to make grades which have 
excellent electrical properties; but it is extremely difficult 
to make a single grade which combines the maximum 
electrical properties with the maximum mechanical and 
moisture-resisting properties. One is forced, therefore, 
for any particular purpose, to choose between, on the 
one hand, a highly impregnated material with good 
mechanical strength and moisture resistance, and, on the 
other, a lightly impregnated material of high electric 
strength; or perhaps some grade of material which is a 
compromise between these two extremes. This is neces¬ 
sitated by the relatively poor electrical properties and 
high power-factor which accompany a high degree of 
impregnation of the paper by the resin. 

Whilst the user of bakelized paper need not be unduly 
concerned with the actual value of the power factor, a 
high power-factor does increase the difficulty of dissi¬ 
pating the losses produced in the material, and therefore 
reduces the voltages and the temperature at which a 
particular insulator may be used. 

For this reason, I believe that the main interest of the 
present paper to the switchgear and transformer engineer 
lies in the reference to such low-power-factor resins as 
polystyrene. Laminated paper made from polystyrene 
has electrical properties which are considerably better 
than those of the best electrical grade of bakelized paper; 
it has both higher breakdown values and a lower power- 
factor, and whereas bakelized paper shows a considerable 
increase in power factor with increased temperature, with 
a polystyrene resin the power factor does not vary 
appreciably with temperature. The main point of 
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advantage is, however, that the material which has these 
exceptional electrical properties can at the same time have 
high moisture-resisting properties, approaching those of 
the grade of bakelized paper which is best in this respect. 
The use of a resin such as polystyrene therefore promises 
to solve the dilemma of the designer, and provide him 
with a material which will combine superior electrical, 
moisture-resisting, and other properties in one and the 
same material. 

Also, the improved electrical power factors and elec¬ 
tric strength will, I hope, result in reduced dimensions 
for insulators; and that of course is an advantage, not 
only from the point of view of the insulator itself but from 
the point of view of economy in the size of the apparatus 
in which it is used. The one drawback of polystyrene 
products—the fact that the resin softens with heat—need 
not be so serious a matter as might be supposed. 
Although it is customary to regard 90° C. and 80° C. as 
the maximum temperatures for transformers and switch- 
gear respectively, such temperatures as a rule can only 
be obtained on part of the conductor system, and are 
extremely unlikely on any part of the insulator itself. 
So that the temperature at which the insulators have to 
operate will be considerably less than 90° C., and at that 
temperature polystyrene products are still quite hard. 
Moreover-, softening, when it occurs, is only partial, and 
free fluid flow never takes place. We therefore have 
reason to hope that polystyrene laminated products will 
become of great interest to switchgear and transformer 
engineers. 

Mr. M. Waters: It is interesting to note that the 
percentage moisture absorption of phenolic resins given in 
Fig. 4 does not appear to reach a limiting value with 
time, as would be expected, but appears to increase 
indefinitely at a slow rate. If this increase really occurs 
it would seem that such resins will slowly deteriorate in 
moist air, and after several years may lose their insulating 
properties. Alternatively, it is possible that the curves 
in Fig. 4 would have reached true limiting values if the 
tests had been continued for a further 5-6 months. I 
should be pleased to know the authors’ opinion as to 
whether the absorption reaches a limiting value, and 
whether moisture will have no further effect on the 
electrical properties of these resins after equilibrium has 
been reached. 

Mr. C. G. Giles: I agree with the authors on the 
desirability of producing resins which are impermeable 
to water. It is known that composite materials made 
with resin-base varnishes have high power-factors, which 
increase rapidly with temperature. I should therefore 
appreciate the authors’ explanation of the general 
decrease in power factor with rising temperature shown 
in Fig. 5; and especially of why the power factor changes 
so little with temperature. 

Mr. G. H. Gardner: I have felt for some time that 
in considering future major improvement in the quality 
and performance of bushings made from synthetic-resin 
varnish-paper one must look for some resin other than 
the phenol or cresol-formaldehyde type. 

My company, after a considerable amount of research 
work, has recently been able to produce a bushing made 
from paper impregnated with a polystyrene resin. This 
new bushing is not yet fully developed, but tests show 


that its electric strength is at least 3 times that of 
bushings made from normal present-day materials, and 
its losses are abnormally low. It also has very good 
moisture-resisting properties. 

1 Mr. R. W. Mann: The characteristics dealt with in 
the paper are those largely involved in high-voltage work. 
It is almost certain that the requirements of low-voltage 
plastics are very much in excess of those of high-voltage 
plastics from the quantity point of view. There are, 
broadly, two main characteristics of low-voltage plastics, 
which unfortunately do not seem to go hand in hand. 
The plastic must first of all be mechanically strong; and 
secondly, while its electrical characteristics in the first 
place are not required to be high, it must be such that 
having once been burnt by an arc it remains an insulator. 
Consideration might well be given to the gases which are 
given off when such low-voltage plastics burn, as such 
gases, if confined to the apparatus containing the 
plastics, are likely to give rise to serious explosions 
should they become ignited. 

The paper also deals in detail with the relative charac¬ 
teristics of various new kinds of plastics, but from a 
technical point of view only; and it is to be hoped that 
the authors may at some time later have an opportunity 
of repeating this portion of their paper with suitable 
comparisons as to the commercial costs of these new 
plastics. 

Prof. J. C. Prescott: Fig. 5 is particularly interesting 
if compared with the results which were obtained by 
B. J. O’Kane in Liverpool in 1935.* His power-factor 
curves, for waxes when subjected to alternating fields of 
high frequency (6-12 Mc./sec.), are similar in shape to the 
1 000-cycle and 4 000-cycle curves for damp phenolic 
resins shown in this Figure. Over the range of tempera¬ 
tures at which these resins were tested, I assume that 
there was no change in physical state and that the 
material was a solid throughout. In the tests carried 
out by O’Kane the temperature range included the 
melting point of the wax, and the power factor with 
pure waxes appeared to reach a maximum in the region 
of the melting point. I should therefore like to ask 
the* authors whether any figures are available for these 
phenolic resins in the fluid state, and whether a similar 
increase is manifested between the liquid and solid 
conditions. 

On page 485 (vol. 83) the authors suggest that the 
transparent plastics might be used as windows for elec¬ 
trical instruments. I think that care would have to be 
exercised if these were applied to electrostatic instru¬ 
ments, since I remember that a sample that was shown 
to me some time ago exhibited very considerable electro¬ 
static charges when rubbed lightly -with a duster. 

Mr. W. J. Brown: The authors have made a careful 
research into the properties of pure resin films; it is 
rarely that synthetic resins are used alone, and. in most 
electrical applications the addition of fillers is found 
necessary to confer mechanical strength and other 
desirable properties. It would be a welcome extension 
of the authors’ work if similar investigations were made 
on materials as used commercially. 

A very important application of synthetic-resin com¬ 
posites is the manufacture of high-voltage insulation, 

* Philosophical Magazine, 1936, vol. 21, p. 369. 
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laminated from synthetic resin and paper. Such com¬ 
posite materials have rendered possible the development 
of metalclad switchgear for high voltages; and many 
thousands of insulators, condenser bushings, and the like 
axe giving excellent service—some under difficult con¬ 
ditions. Service conditions are made more onerous by 
the presence of moisture, and I believe that one of the 
principal causes of deterioration in insulation of the type 
under discussion is moisture absorption. Insulation 
engineers take great pains to render the materials they 
manufacture as water-resisting as possible, and in this 
connection the authors’ experiments on absorption are 
of considerable interest. Superficially the values of 3 % 
to 4 % obtained on test films conditioned in an atmo¬ 
sphere of 75 % relative humidity appear to be high. 
Tests on composites containing fibrous fillers actually 
give much lower values. The apparent anomaly is 
caused by differences in the methods of reporting the 
amount of water absorbed. The authors express the 
absorption as a proportion of the volume of the resin, 
and their sample has a low volume and a very large 
surface area. Most commercial tests express absorption 
as a percentage of the sample weight (e.g. B.S.S. No. 316 
' 1929). Unless particulars of the physical dimensions 
of the test sample are supplied it is impossible to compare 
the water absorption of different materials when the 
values are expressed as a percentage either of volume or 
of weight. The amount of water absorbed depends to a 
very large degree upon the surface area exposed, to a 
lesser degree upon the volume of the sample, and not at 
all upon the weight. There is need for a method of 
expressing water absorption in a way which really has 
meaning, so that the values obtained are an attribute 
of the material and not of the sample size and shape. I 
should be grateful if the authors would quote the water 
absorption of their films expressed in milligrammes of 
absorbed water per cm? of exposed surface area; a useful 
comparison between the films and resin composites mig ht 
thus be obtained. 

The authors’, experiments on the effects of varying 
catalysts are interesting but inconclusive, and the 
investigation might be pursued by extending the work 
to include tests on the mechanical strength of resins 
manufactured with different catalysts. It is known that 


if two phenol-aldehyde resins are produced, one caustic 
soda catalysed and one ammonia catalysed, the first resin 
will be characterized by increased mechanical strength 
and increased power factor by comparison with the 
second resin. 

The electrical properties of a laminated synthetic-resin 
composite do not depend entirely upon the electrical 
characteristics of the resin used in its manufacture; 
certain physical properties are of great importance. It 
is customary to apply resins of the phenol or cresol type 
in the form of alcoholic solutions, and the viscosity and 
surface tensions of these varnishes influence the dielectric 
properties of the resulting composite. One phenolic 
resin when coated on paper may lie entirely on the 
surface, while a second resin may have greater penetrating 
properties and fully impregnate the paper web. The 
product of the first resin will have a laminated structure 
consisting of layers of paper interleaved by layers of 
resin. The second will give a highly homogeneous 
structure without definite laminations. The difference 
in the dielectric properties of these two materials is 
marked. 

The presence of water in the alcohol used for making 
synthetic-resin varnishes apparently has no deleterious 
effect on the resulting dielectric; presumably the water is 
removed when the solvent is evaporated. The amount 
of water liberated by the resin during polymerization is, 
however, of considerable importance, and when this is 
reduced by even 1 % a definite improvement in power 
factor results, and in particular the temperature coeffi¬ 
cient of the composite insulation material is diminished. 
This improvement is effected despite the fact that 1 % 
decrease in the water content of the resin is a minute 
quantity compared with the amount of water contained 
m the alcohol with which it is mixed. 

The information given in the paper on the properties 
of polystyrene resin, is of great interest. This resin can 
now be laminated with a paper web, and despite the fact 
that , polystyrene is a thermoplastic resin, condenser 
bushings are being made from this new composite 
material which are quite stable at 90° C. Polystyrene 
composite materials possess very attractive features 
and much more will undoubtedly be heard of this 
development. 


THE AUTHORS’ REPLY TO THE DTSrTTQQrmvrc a -n 

ltiit DISCUSSIONS AT MIDDLESBROUGH AND 

NEWCASTLE 


« ^ artshorr b an d Messrs. N. J. L. Megson 
and E. Rushton (in reply ): With regard to the possibility 
o continual changes taking place in a phenolic-resin 
moulding, raised by Dr. Ritchie, it seems likely that the 
residual methylol groups remaining in the structure will 
bring about such an effect. Whether the power factor 
wfl! be adversely affected by such changes will depend 
upon the relation existing between the rates of formation 
f water through chemical reaction, and the rate of loss 

±r “ m0Ulding ’ Both t5 ^se factors 

and ^n T by - nSS ° f tem perature, but the shape 
and composition (e.g. nature of filler) of the moulding will 
also affect the rate of loss. mourning will 

Pr 7 l1: l reg !i d t0 the remarks of Dr. Ritchie and Prof 
Prescott on the power-factor maxima observed for certain 


tdnSt rTiL ? C ° n ^ 6r that 0 nl y those Materials con- 

effec7and simple demies show this 

do not i matena } S with more complex molecules 

and therew 7 ! Sma11 moIecules may be polar, 

. d therefore rotate m an electric field. The chief 

StW^ fr ° m ° Ur P ° int ° f ViGW is ** 

cMes The W rela xation of the two systems of mole- 

thS molecules to resume their 
maXum vth? d f nbutl f after any disturbance). A 
ti^7f Se ann! ! P0 T ***** ° CCUrS When the P^iodic 

W Of taxation n 15 ° f the Same order as this 
thingsS ? ne Cau wel1 under stand that, other 

a very mucl S ^ "° mpleX m ° leCule woaId bava 

and tterefom would Wto7ho Xati ° n ^ 

uia tend to show a power-factor maxi- 
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mum at a very much lower frequency. The fact that 
maxima have been observed in one case and not in the 
other merely suggests that the time of relaxation in the 
other case is of a different order. The time of relaxation 
will obviously be controlled by any frictional or viscous 
force which opposes the rotation of the molecules, and 
these forces usually vary considerably with temperature. 
It is quite probable that, if measurements were made at 
very different temperatures or frequencies, maxima would 
be observed for the large molecules and not for the small 
■ones. 

We are interested in the comments on poly-N-vinyl- 
carbazole, the good dielectric properties of -which may be 
associated with the fact that only a tertiary nitrogen 
group is involved, which would possibly have a low polar 
effect. Our comments on the non-tracking properties of 
aniline-formaldehyde resins are not the result of personal 
experience but only an account of recorded information, 
and we are glad to have Dr. Ritchie’s own observations 
on this point. 

We agree that important developments in plastics 
may be anticipated from an extension of co-polymeriza¬ 
tion of different materials. Already much has been 
achieved in this field, and we note with interest the 
modification of indene with phenol to give new products, 
although these are more the result of chemical interaction 
than of strict co-polymerization. 

The vexed question of the effect of free phenol on 
electrical properties is, unfortunately, not completely 
settled by our work. We believe that the phenol added 
to the resin is not present after stoving, because it 
probably combines with available methyl ol groups to 
form part of the resin structure. Only by the addition 
of quantities of phenol exceeding those which could 
combine with such groups, will it be possible to decide 
on the influence of the substance in the final resin. 

In reply to Mr. Nicholls, the softening of a typical 
plastic is so complex a physical process that we do not 
think that a precise definition of softening point is 
possible. The various empirical tests that are used 
involve arbitrary definitions which are known to give 
inconsistent results in some cases. Nevertheless, the 
information obtained, although defective, is better than 
none at all, and we have therefore quoted values as a 
rough guide. They must be regarded as subject to con¬ 
siderable uncertainty. We have merely used the term 
" maximum temperature ” to cover those cases in which 
the material loses its useful properties by some other 
process than that of mere softening, e.g. by decomposition. 
The discrepancies noted are no greater than could be 
accounted for by varying amounts of plasticizer, but we 
would emphasize the fact that we do not regard the terms 
“ softening temperature ” and " maximum temperature ” 
as having a very precise meaning. The values given are 
those which appeared to occur most frequently in 
published literature, and which therefore presumably 
represent general experience as far as it is possible to 
do so. 

We are interested in Mr. Cook’s statement that resin- 
paper composites with high resin content have high 
power-factors and generally poor electrical properties. 
When we consider that the power factor of the resin is 
much less affected by the absorption of water than is the 


power factor of paper, it would appear that to obtain 
the best electrical properties it would be advisable to 
include as much resin and as little paper as possible in 
composite materials. That this is not the case in practice 
may be due to the fact that the resin is not completely 
cured, in which event the power factor of the composite 
material will, of course, increase with increasing resin 
content. 

In reply to Mr. Waters, we cannot help thinking that 
equilibrium with atmospheric moisture and therefore a 
limiting value for water absorption would ultimately be 
reached, but it is impossible from our experiments to 
predict the time required. It must be remembered, how¬ 
ever, that small increases of water absorption of this order 
have little effect on the power factor, and we do not there¬ 
fore think that there would be any serious deterioration 
of electrical properties. 

We would refer Mr. Giles to our reply to Mr. Messent 
in the discussion before The Institution (vol. 83, p. 469) 
for our explanation of the decrease in power factor with 
increasing temperature. It must be pointed out in con- 

Table B 


Water Absorption of Resin Films, expressed in 

MG. PER CM? OF SURFACE AREA 


Sample No. 

Thickness 

Total 

surface 

area 

Time at 
75% 

relative 

humidity 

Increase in 
weight 

Absorption 


mils 

cm; 

days 

mg. 

mg. per em.- 

1 

2-0 

440 

206 

59-2 

0-14 

2 

2 >6* 

445 

206 

67-3 

0-15 

3 

4-8 

419 

206 

101-9 

0-24 

4 

6*5 > 

86-4 

206 

28-0 

0-32 

5 

2-1 

445 

206 

41-6 

0-09 

6 

27-0 

127 

219 

117-8 

0-93 


* The thickness of this film, is incorrectly given as 2 • 8 mils in Fig. 4 of the paper. 


nection with composite materials containing resin and 
filler that, although the power factor of the resin changes 
little with increasing temperature, the power factor of the 
filler usually increases considerably owing to normal ionic 
conduction, with the result that the power factor of the 
material as a whole increases with temperature. 

We agree with Mr. Mann that the risk of explosions 
due to gases such as hydrogen and methane which may 
be given off when plastic materials bum, is one which 
should be borne in mind in certain applications of 1 these 
materials. 

In reply to Prof. Prescott, we would state that, 
although values for phenolic resins in the fluid state are 
not yet available, we are investigating this matter and 
hope to present results in a future paper. 

The electrification of windows is always apt to give 
trouble in very sensitive instruments, even when glass 
is used. A plastic of very low conductivity would 
obviously be quite unsuitable for this purpose, but by 
using one of a non-electrical grade or by deliberately 
adding a plasticizer of high conductivity, one might hope 
to improve on glass in this respect. 
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As requested by Mr. Brown, we have recalculated our 
figures for water absorption on the basis of milligrammes 
per cmr of surface area, and obtained the results shown 
in Table B, for the samples referred to in Fig. 4 of the 
paper. 

The results indicate that the amount of water absorbed 
is not wholly dependent on the surface area, otherwise the 
absorption in mg. per cm? would be constant for all the 
specimens. The fact that the absorption in mg. per cm? 
increases with increasing thickness of specimen co nfir ms 
our suggestion that the water absorbed does not lie on 
the surface but permeates the whole body of the material. 
The whole question of comparisons of water absorption is 
obviously very complex. The initial rate of water 
absorption must be proportional to the surface area, and 
the final equilibrium amount is probably proportional to 
the volume of the specimen. Unless information on both 
these points is available, any comparisons of water absorp¬ 
tion based on tests over an arbitrary period of time are 
liable to be misleading. 

The practical significance of Mr. Brown’s remarks on 


the manufacture of boards with resins of different vis¬ 
cosities is very interesting. The difference in properties 
of the resulting laminated board, according to whether 
surface coating or full impregnation is achieved, is, how¬ 
ever, not fundamental to the resin, but to the method of 
using it. So far our work has not extended to this point. 

The reason why, in a varnish made up of resin in 
alcohol, the water in the alcohol is not deleterious, while 
that given off by the resin is harmful, probably lies in the 
fact that most of the volatile solvent is removed by 
warming or evaporation before hardening. The water 
from the resin does not of course become significant until 
stoving is begun. 

With regard to the effect of various catalysts, we 
would point out that although we did not examine resins 
made with caustic soda as catalyst, we did show that the 
addition of caustic soda to a resin caused an increase of 
power factor, which suggests that the increased power 
factor mentioned by Mr. Brown may not arise from the 
catalytic action of the caustic soda, but from its presence 
as an impurity. 


the limits of theory in electrical machine design* 

By G. H. RAWCLIFFE, M.A., Associate Member.f 

[Abstract of Paper read before the Mersey and North Wales IT \ c , _ 

AND IN ORTH WALES (Liverpool) Students’ Section, 15 th March, 1938.] 


(1) INTRODUCTION 

A period in an industrial design office made the author 
realize how wide were the discrepancies between the 
eory and performance of electrical machinery, and how 
many points of vital commercial and practical importance 
defied satisfactory'- theoretical treatment. Some of these 
points have been selected to illustrate why and how 
theory is sometimes insufficient. In a short abstract it 
Has been necessary simply to show the nature of the 
problems, and to omit results of particular problems given 
m the original paper. s 

The number of variables in an electrical machine is 
very large, and before calculation can profitably be com- 

ffictors a it SeleCti + T mUSt 56 made ° f the P re ^°minant 
factors. It is m the making of this selection, rather than 

in subsequent deduction, that the real difficulty of a 

problem commonly lies. The examples given in text- 

farto 3 are ’ m i /T ready ~ made selections of the leading 
factors m electrical design, and the answers give th! 

behaviour not of actual machines but of idealized 
machines subject only to these selected effects The 
errors correspond to the errors in the initial assumptions 

and many discrepancies of performance arise from hidden 
assumptions m calculation. niaaen 

In general it may be said that departures from ral 
culated performance arise, theoretically from simplifica 1 ' 
m CJWM* a major effect, orVom SSl't 

Premium by the Council. 01 WMdl tMs 1S m abstraot > was awarded a Students’ 

T Liverpool University, 


minor effect, and, practically, from manufacturing 
erances on theoretical dimensions. One very im- 

f scre ? ancy is the ta <=it assumption that 
a sinusoidal function m space or time is a true repre- 

cfficulatL° ^ altemating quantity involved in the 

wav! is Th. T assui 7 tion is mada since the sine 

coefficients^ ° n y P en0ChC function whose differential 

butltTs T T p Same Shape as the ^ginal function, 
out it is often far from true. 

(2) D.C. MACHINES 
(a) Commutation 

mo^ftmuwT ^ d '°‘ machines which ^ theoretically 
dassicThT T 13 COmmutation - According to the 
nullify the arL 6 interpole windin gs are designed to 
self-inbur.T ? rS ampere ' turns and to neutralize the 
mutation ThT T armature coiIs undergoing com- 

variabTanc^unc^tain^^Tthot T 

be made ofthTT T T no precise estim ate can 
TT? ; h reqillsde qap and interpole turns • the 
correct value can only be fixed by test/ Some of the 
interpole turns may better be nmihWi no 1 . e 

winding +n y De a PP Iied as a compensating 

armaWre tt? 1 . ma “ P ole -«PS and enclosing the 

mature the magnetic axis of compensating and inter¬ 
pole windings being the same. The compensator 
wmdmg compensates - that part of the armature flul 
which completes its circuit through the main poles ■ fn- 
interpoles deal with the rest, andU supplylffln^ 
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oppose the armature self-induction. Interpoles and com¬ 
pensating windings thus divide two functions between 
them, and within fairly wide limits one can be strength¬ 
ened by weakening the other. The ideal division of 
ampere-turns can, however, only be found by test, and 
it will vary with differing gap lengths and pole-tip 
shapes. 

The classic theory takes no adequate account of brush 
material or size, commutator speed, current density, and 
the like. " Get the field form correct,” so, in effect, runs 
the theory, “ and the current may be drawn off from any 
brush you may care to fit on the neutral axis.” A 
correct field form is a necessary but not a s uffi cient con¬ 
dition for good commutation, and the further quantities 
of brush current-density, etc., are settled only by experi¬ 
ence, the aim being to use the smallest possible brushes 
and commutator. It is impossible to forecast from 
theory to what limiting density the present brush 
densities of 60-75 amp./sq. in. might be increased. 

Basic theory assumes a uniform current distribution 
round the periphery of the armature, but in fact the 
current is contained in small “ packets ” in slots, and 
much variation in commutation is produced by different. 
slottings and by lamination of the conductors. 

(b) Compounding of D.C. Machines 

An example of classic theory being reversed in practice 
is furnished by compound-wound d.c. motors. In many 
textbooks and among many practising engineers the idea 
still lingers that differential compounding is used to secure 
a level speed characteristic. Actually, owing to high 
flux densities and high armature loading, the armature 
magnetic field, in spite of interpoles, causes not merely 
distortion but reduction in flux, and many plain shunt 
motors would have a rising and unstable speed/load 
characteristic. It is usual, therefore, to fit either a com¬ 
pensating winding, which neutralizes the armature more 
effectively than interpoles, or a light cumulative compound 
winding, often known as a series stability winding. 
Where heavy peak loads are expected a heavier com¬ 
pounding is fitted, to give a normal compound-wound 
motor. 

Differential compounding is only rarely used when, as 
in balancer sets, the same machine has to work either as 
a motor or as a generator, without alteration of the con¬ 
nections. Two machines coupled together may be stable 
even with the motor differentially compounded. It 
should be emphasized that the behaviour of generators is 
not the reverse of that of motors, since generator fields 
are also weakened by the saturating effect of armature 
reaction, which is independent of the direction of arma¬ 
ture current-flow. Hence generators are also cumula¬ 
tively compounded for level voltage characteristics, but 
more strongly so than armature drop alone would require. 

(3) EDDY-CURRENT AND STRAY LOAD LOSSES 
(a) D.C. Machines 

A serious but incalculable loss in d.c. machines is that 
due to eddy currents in the conductors, generated during 
their movement through the regions of non-uniform flux 
distribution at the tips of the poles. This loss is reduced 


by lamination of the conductors, and it is customary to 
laminate until the reduction of cross-section is 15 %. 
The reduction of eddies by further lamination would not 
outbalance the increase in resistance. 

(b) Squirrel-cage Machines 

To avoid the crawling of squirrel-cage rotors, the bars 
are skewed one stator slot-pitch. The skewing of bare 
bars led to increased rotor heating and they are now 
usually insulated. The increased rotor heating arose 
from the connection through a good conductor of different 
parts of the rotor iron not in the same part of the stator 
field-form. This eased the path of the “ average ” eddy 
current, and surprisingly large reductions of heating have 
been obtained through insulating the rotor bars. 

These examples of extra eddy-current loss differ in 
that the first can be measured approximately on no load, 
but the second varies with load and cannot be measured: 
both defy calculation on any but an experimental basis. 
Stray load losses could only be measured by tests of the 
highest precision, measuring both input and output 
exactly. Hence the recognized method of estimating 
efficiency is " the summation of measurable losses,” and 
an allowance is made for stray load losses.* Their real 
importance lies not so much in the decreased efficiency as 
in the increased heating, and consequent reduced rating, 
which they cause. A loss of efficiency of 1 % may be 
tolerable, when the heating caused by this loss is not. 

(4) THE IRON CIRCUIT OF A.C. OR D.C. MACHINES 

(a) No-load Iron Losses 

Calculations are based on eddy and hysteresis losses in 
standard test pieces, but the magnetic condition of the 
iron is much altered by punching, the alteration depend¬ 
ing on the ratio punched-area/punched-periphery, the 
condition of the punching tool, the mechanical state of 
the iron, the speed of punching, and so on. Tests can be 
made with particular specimens, but the variations of the 
conditions of punching cannot in practice be controlled. 
Further, the laminations are short-circuited at the edges 
by burrs and by the machine frame; this causes extra 
eddies. There are also iron losses due to pulsation at 
tooth frequency. There is a time pulsation in reluctance 
and flux as the teeth change their relative positions, and a 
space pulsation of the flux, due to changes in the geometry 
(as distinct from the reluctance) of the magnetic circuit. 
Theory shows that suitable slottings and a longer air-gap 
will reduce these losses, but the magnitude of the change 
can only be roughly estimated. In the result, the iron 
loss is two or three times that calculated for eddy and 
hysteresis at fundamental frequency in the unpunched 
iron, and it is estimated largely from empirical data. 

(b) Magnetizing Currents 

Here manufacturing discrepancies quite obscure any 
attempt at theoretical refinement. A large part of the 
magnetomotive force is used on the air-gap, and 0-001 in. 
error in stator bore and rotor diameter, in opposite 
directions, may be equivalent to 10 % error in air-gap 
length. 


* See Reference (1). 
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(5) LEAKAGE REACTANCE IN A.C. MACHINES 

The calculation of leakage reactance is rendered difficult 
by both theoretical complexity and manufacturing errors. 
The leakage is controlled by the sizes of the gaps between 
teeth, by the air-gap, and by the distribution of flux in 
these gaps. Even if the dimensions of these gaps were 
exactly known a precise solution would be impossible, 
but the practical uncertainties of a core of punched 
laminations make the matter doubly difficult. The end 
leakage, especially with machines of long coil overhang, 
is uncertain because of the complicated shape, and hence 
all leakage formulae are largely corrected by constants. 
It will often be found that the reactances of various 
members of a batch of machines, built to the same 
specifications by high-grade processes, differ considerably. 
This is particularly true of double squirrel-cage machines, 
on account of the depth of rotor slots. 

(6) HEATING OF ELECTRICAL MACHINERY 

The factor which theory is least competent to predict is 
heating. Any machine is an aggregation of many bodies 
all of differing masses, densities, specific heats, con¬ 
ductivities, and emissivities; some parts have heat 
generated in them and some are only heated by conduc¬ 
tion ; heat flow is much altered by small differences in air 
spacing; and most machines are artificially cooled by fans. 
In the face of such facts as these, any attempt at precise 
prediction of temperature-rise, from dimensions and 
physical constants alone, is obviously impracticable. 
Given the design data of a machine, one could estimate 
most of the performance data within 10 %, but an esti¬ 
mate of the temperature-rise obtained in the same way 
would probably be 50 % in error. A species of statistical 
calculation, based on results and rules obtained from 
similarly constructed machines, is all that it is profitable 
to attempt. Earlier treatises* usually devoted a good 
deal of space to predetermination of temperature-rise, 
but later onesf simply outline permissible temperature- 
rises, methods of measurement, etc., avoiding any sugges¬ 
tion that prediction is possible, except from experimental 
data. The process is almost inspired guesswork, but 

* See Reference (2). t im> (3)i 


experience can lead to accurate results except with 
radically new machines. 

Except descriptively, heating is an experimental sub¬ 
ject; practically, it is of paramount importance. All 
machinery is sold under temperature guarantee, the 
limits not being in any way arbitrary but based on 
previous experience that if the temperatures specified are 
exceeded the insulation will rapidly deteriorate. In most 
cases the heating limit is reached before the machine is 
overloaded mechanically. Hence improved 'methods of 
cooling have very great economic value. Efficiency can 
often be better reckoned from a commercial aspect as 
(h.p./lb. weight) than as (power taken out/power put in), 
and cooling has been one of the main factors in the 
increase of efficiency reckoned on the first basis.* 

(7) CONCLUSION 

It will thus be seen that the prediction of electrical 
machine behaviour is both theoretically and practically 
complex, and that undue refinement in dealing with a 
particular case cannot be justified. Analytical treatment 
of results from a particular machine is not valuable 
unless it leads to a future synthesis; that is, unless 
it assists in the prediction of the performance of another 
machine. The task of the designer is to be wise before 
the event, and not after, and the difficulties of this have 
been outlined. When they are considered even such 
accuracy as is obtained is perhaps remarkable. 
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INSTITUTION NOTES 


GRADUATESHIP EXAMINATION 
From November, 1939, the Graduateship Examination 
of The Institution will be known as the Associate Member¬ 
ship Examination. The change is in name only and no 
alteration has been made in the Examination itself. 

The passing of the Examination will, as in the past, 
(a) satisfy the educational requirements for Associate 
Membership, and ( b) qualify a successful candidate over 
21 years of age for admission to Graduateship of The 
Institution. 

I.E.E. REGULATIONS FOR THE ELECTRICAL 
EQUIPMENT OF BUILDINGS 

A revised Edition (Eleventh Edition), dated June, 
1939, of the above Regulations has been published. 
Copies can be obtained at the offices of The Institution 
or from the publishers, Messrs. E. and F. N. Spon, Ltd., 
57 Haymarket, London, S.W.l, at the following prices:— 

Bound in cloth: Is. Gd. net (Is. 9d. post free). 

Bound in paper covers: Is. net (Is. 2d. post free). 

NOMINATIONS FOR ELECTION TO THE COUNCIL 
In addition to those members nominated by the 
Council (see vol. 84, page 769), the following have been 
nominated for ballot:— 

As Vice-President. 

C. E. Fairburn, M.A. (nominated by F. Bourne, J. E. 
Calverley, A. L. Coward, G. H. Fletcher, R. J. Harvey, 
Sir Arthur H. Preece, H. W. H. Richards, G. F. Sinclair, 
A. D. Sloan, and B. G. White, M.B.E.). 

As Ordinary Member of Council (.Associate Member). 

F. C. Orchard [nominated by R. Birt, B.Sc.(Eng.), R. 
Illingworth, E. E. Jolly, W. E. Kidner, R. Lee, A. P. 
MacAlister, A. E. McKenzie, C. March, J. D. Spark, and 
J. Wetherell]. 

ROYAL NAVAL VOLUNTEER SUPPLEMENTARY 

RESERVE 

A section of the Royal Naval Volunteer Supplementary 
Reserve is being formed to include men of good education 
and possessing engineering qualifications who are willing 
to perform naval service in time of war or national 
emergency. Those enrolled in this Reserve will not be 
required to undergo any naval training in time of peace 
but will have to undertake, if called upon, to come up for 
service in time of war or national emergency, when they 
will be given commissions as officers in the Royal Naval 
Volunteer Reserve and will be employed in the Navy in the 
capacities described below. 

Candidates must have attained the age of 21 years on 
the 3rd June, 1939, and the normal upper age limit for 
retention on the List will be 30; applications to remain 
after that age will, however, be considered. 

The capacities in which members of the R.N.V.S.R. 


(Engineering Section) will be employed in time of war 
are as follows:— 

(a) Electrical engineers to assist Torpedo Officers in the 

Fleet. 

(b) Engineers (preferably with university degrees) for 

duty in connection with the engines of H.M. 
ships. 

{c) Engineers to assist the Technical Officers of the 
Fleet Air Arm. 

Volunteers should apply to the Secretary of the 
Admiralty (C.W. Branch), Whitehall, London, S.W.l, 
who will forward detailed conditions of enrolment. 

There are also vacancies in the Engineering Branch of 
the Royal Naval Reserve; but officers of the R.N.R. are 
required to perform training in time of peace. 

OVERSEAS MEMBERS AND THE INSTITUTION 
During the period 1st January to 30th June, 1939, 
the following members from overseas called at The 
Institution and signed the “Attendance Register of 
Overseas Members ”:— 

Addison, J. D. {Jaipur). 

Aitken, I. M. E., B.Sc. 

{Jamshedpur). 

Bambery, C. Mcl. {Palmer¬ 
ston, N.Z.). 

Bennett, D. P. {Colombo). 

Beyts, Capt. W. D. H., 

R.E. {Quetta). 

Brown, J. C., B.Sc. {Lahore). 

Brown, J. F. {Johannes¬ 
burg). 

Burgess, L. F., M.C. 


{Sydney, N.S. W.), 
Campbell, H. A. {Kingston, 
Jamaica). 

Clark, H., B.Sc, {Durban). 
Clarke, A. E. {Hong Kong). 
Cook, IT. F., B.Sc.(Eng.) 
{Naivasha). 

Cooke, G. F. {La Paz, 
Bolivia). 

Desmarais, R., B.Sc. 

{Mauritius). 

Flemons, S. {Shanghai). 
Freeman, A. C., B.E. 

{Sydney, N.S.W.). 
Guilfoyle, T. J. {Kingston, 
Jamaica). 

Heaurne, H. Le P. {Salis¬ 
bury, Rhodesia). 

Herbert, J. F., B.E. {Ipoh). 
Herring, E. J. C. {Bombay). 
Homan, F. T. {Calcutta). 
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Homersham, B. R. McC. 

{Christchurch, N.Z.). 
James, F. L. {Switzerland). 
Jenkinkson, F. E. {Port 
Elizabeth). 

Kirk, G. L. {Colombo). 
MacMuldrow, W. G. P. 
{<Umvuna). 

Malegamvala, D. K. {Bom¬ 
bay). 

Martin, G. E., M.A. Bom¬ 
bay). 

Millman, C. H. {Delhi). 
Myers, D. M., B.Sc., B.E. 

{Sydney, N.S.W.). 
Parkinson, J. D. {Hong 
Kong). 

Payne, D. IT. {Lagos). 
Peterson, I. E. K. {Khewra). 
Pomroy, R. O. ( Sydney, 
N.S.W.). 

Preston, C. E., M.Eng. 
{Plyderabad ). 

Randall, W., M.C. {Asansol). 
Ridley-Martin, R. B. 

{Khartoum). 

Sale, H. G. {Bombay). 
Silverman, D. {Cairo). 

Steel, C. S. {Calcutta). 
Stevenson, I. D. {Welling¬ 
ton, N.Z.). 

Stubbs, W. {Kuala Lumpur). 
Targett, E. IT. {Colombo). 
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Taylor, L. F., B.Sc.(Eng.) 
(' Oshogbo). 

Turrell, F. H., B.Sc.(Eng.) 
(, Johore ). 

Tyacke, J. A., B.Sc. (Ipoh). 


Webb, C. R. {Shanghai). 
Williams, J. W. M. 
{Nairobi). 

Wright, R. (Buenos Aires). 


INFORMAL MEETINGS 
223rd Informal Meeting (6th February, 1939) 
(Joint meeting with The Institution of Civil Engineers 
and The Institution of Mechanical Engineers.) 
Chairman: Mr. P. P. Wheelwright. 

Subject of Discussion: “ The Preparation and Giving of 
Expert Evidence ” (introduced by Mr. J. H. Rider). 

Speakers: Messrs. J. D. C. Couper, W. A. Tookey, F. C. 
Raphael, D. Winton Thorpe, A. Morgan, A. F. W, 
Richards, S. C. Bartholomew, M.B.E., H. Nimmo, B. 
Irvine, J. Scott-Taggart, G. O. McLean, M.Eng., J. E. 
Kingsbury, F. L. Veale, and C. W. G. Roberts. 

224th Informal Meeting (20th February, 1939) 
Chairman: Mr. J. R. Jones. 

Subject of Discussion: “ The Steam Cycle ” (introduced 
by Mr. E. L. Luly). 

Speakers: Messrs. R. A. W. Connor, W. S. Burge, J. F. 
Field, B.Sc., B. Wood, M.A., G. O. McLean, M.Eng., S. D. 
Whetman, B.Sc., G. E. Richardson, and J. R. Jones. 

225th Informal Meeting (13th March, 1939) 
Chairman: Mr. M. Whitgift. 

Subject of Discussion: “ The Automatic Voltage Control 
of Low-Tension Networks ” (introduced by Mr. R. H. 
Upton, M.Eng.) 

Speakers: Messrs. H. S. Petch, B.Sc.(Eng.), F. Jervis 
Smith, G. O. McLean, M.Eng., W. F. Sands, J. R. 
Haslam, B.Sc.(Eng.), G. H. Fowler, E. T. Norris, R. 
Grierson, A. G. Kemsley, P. P. Wheelwright, W. A. 
Ritchie, W. Hill, W. A. Wood, A. E. Morgan, S. A. 
Stevens, and G. B. Proctor, B.Sc.Tech. 

226th Informal Meeting (27th March, 1939) 
Chairman: Mr. P. H. Pettifor, B.Sc.(Eng.). 

Subject of Discussion: “ Electric Battery Vehicles and 
Future Possibilities ” (introduced by Mr. G. O. McLean, 
M.Eng.). 

Speakers: Messrs. C. W. Marshall, W. E. Warrilow, 
C. G. F. Pritchett, L. Murphy, E. S. New, A. G. Kemsley, 
Major T. Rich, Major A. L. Trundle, Messrs. W. T. 
Gemmell, H. G. Wilson, P. P. Wheelwright, I. O. Hock- 
meyer, B.Sc. (Tech.), J. M. Kennedy, and F. Jervis Smith. 

227th Informal Meeting (3rd April, 1939) 
Chairman: Mr. W. A. Ritchie. 

Subject of Discussion: " Electric Signs ” (introduced by 
Mr. A. H. Brackensey). 

Speakers: Messrs. P. H. Pettifor, B.Sc.(Eng.), I. O. 
Hockmeyer, B.Sc.Tech., S. C. Bartholomew, M.B.E., 


F. Jervis Smith, R. W. Presswell, W. Bamford, P. P. 
Wheelwright, G. H. Fowler, G. Davidson, E. Brown, and 
F. Peake Sexton. 


PROCEEDINGS OF THE METER AND 
INSTRUMENT SECTION 

80th Meeting of the Meter and Instrument Section, 
4th November, 1938 

Mr. H. Cobden Turner, the retiring Chairman of the 
Section, took the chair at 7 p.m. 

The minutes of the meeting held on the 20th May, 1938, 
were taken as read and were confirmed and signed. 

Mr. Cobden Turner announced the Council’s award of 
Premiums (see vol. 82, page G99), for papers read before 
the Section during the session 1937-38. He then vacated 
the chair, which was taken by the new Chairman, Captain 

B. S. Cohen, O.B.E. 

A vote of thanks to Mr. Cobden Turner for his services 
as Chairman during the session 1937-38, proposed by 
Mr. F. E. J. Ockenden and seconded by Dr. H. M. Barlow, 
was carried with acclamation. 

Captain Cohen then delivered his Inaugural Address 
(see vol, 84, page 237). 

A vote of thanks to the Chairman for his Address, 
proposed by Mr. F. C. Knowles and seconded by Mr. G. A. 
Whipple, was carried with acclamation. 

81st Meeting of the Meter and Instrument Section, 
9th December, 1938 
(Joint Meeting with the Physical Society.) 

Captain B. S. Cohen, O.B.E., Chairman of the Section, 
took the chair at 7 p.m., supported by Prof. A. Ferguson, 
M.A., President of the Physical Society. 

The minutes of the meeting held on the 4th November, 
1938, were taken as read and were confirmed and 
signed. 

An informal discussion, opened by Dr. C. V. Drysdale, 

C. B., O.B.E., took place on “ Electro-Acoustics." 

At the conclusion of the discussion a vote of thanks 
was accorded to Dr. Drysdale for his introductory 
remarks, and was carried with acclamation. 

. 82nd Meeting of the Meter and Instrument Section, 
6th January, 1939 

Captain B. S. Cohen, O.B.E., Chairman of the Section, 
took the chair at 7 p.m. 

The minutes of the meeting held on the 9tli December, 
1938, were taken as read and were confirmed and signed. 

A paper by Messrs. E. G. James, B.Sc., Ph.D., G. R. 
Polgreen, B.Sc., Member, and G. W. Warren, B.Sc., 
entitled " Instruments Incorporating Thermionic Valves, 
and their Characteristics," was read and discussed. The 
paper was accompanied by a demonstration of apparatus. 

A vote of thanks to the authors, moved by the Chair¬ 
man, was carried with acclamation. 
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ELECTRICAL EQUIPMENT 

FOR PAPER MILLS 


Head Office: Magnet House, Kingsway, London, W.C.2 
Branches throughout Great Britain and in all principal markets of the world 


Manufacturers: 

THE GENERAL ELECTRIC CO., LTD. 


This view on the beater floor at the Aylesford Paper Mills of 
Albert E. Reed & Co., Ltd., shows several of the thirteen 
G.E.C. 340 h.p. 250 r.p.m. D.C. Motors driving refiners. 

A large amount of G.E.C. equipment has been installed at 
these important mills in previous years—power plant, motors, 
switchgear, mercury arc rectifier, etc., and two 5,000 K.W. 
G.E.C.-Fraser & Chalmers geared turbo-generator sets were 
recently put into service in the new power house. 
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400 to 3000 amps, at 660 volts 
for hand or solenoid operation 


Write for full particulars of 
Class AJ Switchgear . 







| | T • IBi ■ 

j »T % 

1 p § 1 


THE BRITISH THOMSON-HOUSTON COMPANY LIMITED, WILLESDEN, ENGLAND. 
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LET US ADVISE YOU ON YOUR NEXT CABLE PROBLEM 

SIEMENS BROTHERS &C?, L T P 

WOOLWICH. LONDON, S.E.I8 

ESTABLISHED 1858 


Telephone 


WOOLWICH 2020 
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For underwater use, cables 
are provided with a special 
protective covering which 
shields the lead sheath 
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BRITISH INSULATED CABLES LTD 


PRESCOT, LANCS 


Tel. No. Prescot 6571 


London Office, Surrey House, Embankment, W.C. 2. Tel 


OVERHEAD Power Transmission Lines 


..on the NORTH WEST 
FRONTIER 


The illustrations show different types of 
construction used for the 66 kV. lines of the 
Malakand Hydro Electric Scheme recently 
carried out by the B. I. The contract 
comprised 104 miles of single and double 
drcuit overhead power transmission lines 
in the Malakand district of the North West 
Frontier Province of India. The large picture 
is of terminal towers at Mardan sub-station, 
and other views are 
of double-circuit 
straight line tow¬ 
ers, double-circuit 
transposition tow¬ 
er, single-circuit 
straight line tow¬ 
ers, and single¬ 
circuit railway, 
road and river 
crossing. 


















(V) 


I.E.E. Journal Advertisements 


FUSES: THEIR TEMPERATURE-RISE 


USE 

REYROLLE 

CARTRIDGE 

FUSES 

AND 

AVOID 

BEING 

HOT 

AND 

BOTHERED 


There are people who use their sense of 
touch to tell them about temperature. Fingers, 
it is true, were made before thermo¬ 
couples; but thermo-couples are a better 
guide. Put your right hand into hot 
water and your left into cold; then put 
both together into lukewarm water, and 
see what you know about temperatures 

TO COME TO FUSES: 


B.S.88-1937 specifies temperature-rises safe for the materials 
used and of the right order to ensure the possibility of obtaining 
appropriate fusing-factors and breaking-capacities 



A typical chart of temperature-rise of a Reyrolle cartridge-fuse 


Even if it surprises you, it 
is a fact that too cool a fuse 
may fail you when the all- 
important moment comes 
for it to do its essential duty 


Reyrolle cartridge-fuses will 
not let you down. Their 
temperature-rise is suitably 
chosen within the limits of 
B.S.88-1937 to enable them 
to give you the real protec¬ 
tion you cannot do without 
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REYROLLE 


& co 

LTD 


Head Office and works 


HEBBURN-ON-TYNE 


ENGLAND 
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FERRANTI LTD., HOLLINWOOD, LANCS. London Office: Bush House, Aldwych, W.C.2 
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Oar clients include; 

THE ADMIRALTY, WAR OFFICE AND AIR 
MINISTRY, G.P.O., N.P.L. AND B.B.O., 
BRITISH, DOMINION AND FOREIGN GOVERN¬ 
MENT DEPARTMENTS, UNIVERSITIES, COL¬ 
LEGES AND THE LEADING ELECTRICAL AND 
COMMUNICATION ORGANISATIONS THROUGH¬ 
OUT THE WORLD 



VISITORS sometimes remark on the 
"maturity” of our employees. It is true that 
a large proportion of them have been with us 
for many years—and will stay with us, we hope, 
for many more years. The word “ craftsman ” 
is so overworked nowadays that we hesitate 
to use it. Yet it is the word that truly 
describes our people—men who have had long 
training in their work ; who look on it as a 
valuable part of their life—something to 
which they are proud to give their brain, 
their skill. 

It is a matter of pride to us that so many such 
craftsmen learned their craft with Muirhead 
as boys and practise it with Muirhead now 
as men of maturity. It is a matter of pride 
with us that so many of our workers hope to 
see their sons and their grandsons “ taken on ” 
at Muirhead to be trained in the same 
traditions and carry on the same standard 
of workmanship. 



There’s more than one grandson in our 
“nursery” at present. Their fathers and 
grandfathers will be watchful that they 
don’t “ let the old firm down ” !! 


MUIRHEAD AND COMPANY LIMITED 


ELMERS END, BECKENHAM, KENT . TEL. : 


BECKENHAM 0041-0042 



C.R.C. <1 







Electrostatic precipitation — SO,000 volts 


Electro-deposition — 16,500 amperes 


The life of the Westinghouse Metal Rectifier has been 
proved by test by independent users to be over twelve 
years. Such outstanding reliability is an inherent 
characteristic of Westinghouse equipments, and the 
field of application in which the rectifier is now exten¬ 
sively used is very wide and ranges between the two 
extremes of high voltage and high current. 

IllJr 9 ‘PROVED-BY 


BY-TEST’ 


METAL RECTIFIERS 

Write for descriptive pamphlet No. 11 to Dept. i.E.E. 

Westinghouse Brake & Signal Co., Ltd., 82 York Way, King’s Cross, London, N.1 









I.E.E. Journal Advertisements 


(x) 




-- yj — — • ■ "vi iiiui v.ropvi auuii 

of 50,000 lbs. of steam per hour at 200 lbs. per square inch 
pressure and 585° F. final steam temperature. 

Each boiler is equipped with an air heater and is fired with 
a Babcock Style 28 Stoker in an archless furnace of Bailey 
construction. 


No. 14 Boiler 
35,904 hours 
107,712 tons 


Operating results to March, 1939, are as follows-:— 

No. 13 Boiler No. 14 Boiler 
Total steaming period - - = 34,800 hours 35,904 hours 

„ coal fired - - - = 104,400 tons 107,712 tons 

Furnace maintenance—material 
—pence per ton coal fired - = Nil .046 

The illustrations show the interior of one of the furnaces after 
the above mentioned period of steaming, and a general view of 
the firing aisle. 


BABCOCK & WILCOX L TD 


BABCOCK HOUSE, 34 FARRINGDON STREET 
LONDON. E.C.4. 
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Electricity Supply Commission, S. 
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Write for new “Sirocco ^(LhP 

Mechanical Draft Publication §|rocco 11 

Ref. No. SF299. 
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High Quality 
mouldings 


If it is 
mouldable 
EB0NEST08 
can mould 
it 


Ebonestos have produced many of the finest 
mouldings manufactured in compositions, 
Bakelite, Urea, Diakon, and other synthetic 
resins. For the past 40 years, our reputa¬ 
tion for finish and accuracy has been second 
to none. 

Let us know your moulding requirements, 
and we shall be pleased to send one of our 
technical experts to discuss the matter with 
you, or, if you prefer it, meet you at our 
factory. 

Moulders to the General Post Office, Ad¬ 
miralty, Air Ministry and other Government 
Departments 


EBONESTOS 

INDUSTRIES LIMITED 

EXCELSIOR WORKS, ROLLINS STREET 
LONDON, S.E.I5 Tel.: New Cross 1913 (6 lirm) 


The saying “It’s cheaper to buy the best” is really 
applicable to “M & M” Meter Locks. We have succeeded 
in producing a Meter Lock that you can confidently 
pin your faith to ... it is of the lever type which is 
recognised as the safest type made. The “M & M” Meter 
Lock will resist almost any form of violence, will not rust, 
and will give you many years of faultless service. That’s 
true economy! “Cheap” imitations will never give you 
satisfactory service, it’s obvious that getting down to a 
price must mean vital sacrifices. Every “M & M” Meter 
Lock bears its registered patent number—look for it and 
be assured of Meter Security for as long as the meter 
lasts. 


Write for skeletonised M & M Lock to :— 

H. MITCHELL & CO. 


3 & 5 LEIGHTON ROAD, LONDON, N.W.5 
Phone: GULliver 2667 
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NOTE 

Advertisement copy and blocks should 
reach the authorized agents. Industrial 
Publicity Service, Ltd., 4 Red Lion Court, 
Fleet Street, E.C. 4 (Telephone: Central 
8614)3 not later than the 16th of each month 
for publication the following month. 
Inquiries regarding space in this section 
of the Journal should be addressed to the 
Manager. 


METER 


C. Wakefield 
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FANS 

and 

auxiliary equipment 


ventilating Buildings, Ships and Mines; 
providing Mechanical Draught on 
Boilers; blowing Forges, Furnaces and 
Cupolas; exhausting Metal Dust and 
Wood Refuse; removing Fumes, Smoke 
and Steam; Drying; Warming; Cooling; 

[Refrigerating; Conveying, etc. 


KEITH BLACKMAN^ 

Head Office & London Works: 

MILL MEAD ROAD, LONDON, N.I7. 

’Phone: TOTtenham 4622. ’Grams: “Keithblac, Phone, London.” 



The above illustration of a 180-inch "K.B:” Fan Runner 
with three smaller runners alongside, gives some idea of 
our manufacturing facilities. 


GAS STORAGE OF FOODSTUFFS 


ON LAND 
AND SEA 

Gas storage equipment is being increasingly 
adopted for the storage and transport of 
foodstuffs and many refrigerated gas stores 
and ships’ gas-filled holds are being fitted 
with “Siemens” CO a equipment and, in 
some cases, Distance Thermometers so that 
temperatures as well as % C0 2 , can be 
checked continuously. 

The C0 2 equipment operates on 
the electrical method employing 
the thermal conductivity prin¬ 
ciple and possesses definite 
advantages over other systems. 

MAY WE HELP YOU WITH YOUR REFRIG¬ 
ERATION AND GAS STORAGE PROBLEMS? 

ELLIOTT BROTHERS 

(LONDON) LTD., CENTURY WORKS 

1 c . W I S H A^l , S . E. 1 3 
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Turbo Alternator, Condensing Plant & Auxiliaries. 
Maximum Continuous rating 30,000 feW. 
Constructed under the Supervision (for Insurance Purposes) of the 

NORWICH UNION Insurance Societies, NORWICH 
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